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STABILITY CONSIDERATIONS FOR A 
PLUTONIUM LOADING IN EBR-I 

by 

R. R. Smith, R. O. Haroldsen, 
and F . D. McGinnis 

I. INTRODUCTION 

The recent successful operation of EBR-I with a plutonium loading 
(Mark IV) is his tor ical ly significant since EBR-I is clearly the first power-
producing system to be fueled exclusively with plutonium. Other reac tors 
have, of course, been fueled either in whole or in part with plutonium, but m 
none of these was useful e lectr ic power produced.(1-3) 

The exact significance of the Mark-IV loading within the framework 
of the fast reactor p rogram is difficult to a s se s s and is, in many respects , 
intangible. Since the physical and ^eutronic features of the system have Uttle 
in common with those of the very large dilute plutonium-fueled systems en
visioned for ultimate centra l station use, its successful operation cannot be 
used as a broad indication of future success . The operation of Mark IV has 
accomplished little, if anything, to lessen technical difficulties which confront 
the designers of more visionary plutonium-fueled sys tems. On the other hand, 
it is at least reassur ing , if not necessary , to know there is nothing inherently 
unsafe or dangerous in the operation of a plutonium-fueled system. Such r e 
assurance assumes added significance when it is real ized that at one time 
the operation of EBR-I was character ized by instability problems. The even
tual elimination of the source of instability and the successful operation with 
plutonium fuel a re facts which conceivably could influence the location of 
future fast r e a c t o r s . 

Other contributions, of a more tangible nature, are i l lustrated by a 
measurement of the breeding gain and an analysis of the dynamic system 
stability. The resul t s of breeding gain measurements , which demonstrated 
conclusively the superiori ty of plutonium as a fuel, have been t reated e lse
where (4) The resu l t s of a stability analysis, based essentially on t ransfer 
function and power coefficient measurements , constitute the subject of this 
report . 

II. REVIEW OF STABILITY CONSIDERATIONS 
IN SMALL FAST SYSTEMS 

To appreciate why stability may be a problem in small, concentrated 
fast sys tems, such as EBR-I, it is necessa ry to examine those features 



p e c u l i a r to th i s r e a c t o r type. Since the cha in r e a c t i o n is p e r p e t u a t e d wi th 
u n m o d e r a t e d f i s s ion n e u t r o n s , the p r o m p t - n e u t r o n l i f e t ime is s h o r t . I n s o fa r 
a s o p e r a t i o n a l s t ab i l i ty is conce rned , the s h o r t p r o m p t - n e u t r o n l i f e t ime i s of 
l i t t l e c o n s e q u e n c e , s ince the de layed c r i t i c a l k ine t i c b e h a v i o r of an o p e r a t i n g 
s y s t e m depends so le ly on the h a l f - l i v e s and the r e l a t i v e a p p o r t i o n m e n t of 
d e l a y e d - n e u t r o n - e m i t t i n g s p e c i e s . Since fas t and t h e r m a l s y s t e m s a r e c h a r 
a c t e r i z e d by e s s e n t i a l l y the s a m e d e l a y e d - n e u t r o n p a r a m e t e r s , t h e i r k i n e t i c 
b e h a v i o r s , in the a b s e n c e of feedback, a r e s i m i l a r . The s h o r t l i f e t i m e d o e s 
b e c o m e a d i s t ingu i sh ing f ea tu re if the r e g i o n of p r o m p t c r i t i c a l i t y i s i n a d v e r t 
ent ly r e a c h e d . E x c e l l e n t r e v i e w s of the c o n s e q u e n c e s of p r o m p t c r i t i c a l burs ts 
in fas t s y s t e m s have been given by M c C a r t h y ( 5 ) and Okrent . (6) 

On a m o r e p r a c t i c a l b a s i s , the m o s t i m p o r t a n t f e a t u r e d i s t i n g u i s h i n g 
fas t and t h e r m a l s y s t e m s is the n a t u r e of the power coeff ic ient . In a t h e r m a l 
s y s t e m , for example a boi l ing w a t e r r e a c t o r , the ne t power coef f ic ien t i s m o s t 
s t r o n g l y inf luenced by dens i ty changes in the m o d e r a t o r . The effects of fuel 
and s t r u c t u r a l expans ions a r e of s e c o n d a r y i m p o r t a n c e . 

In a s m a l l fas t s y s t e m , the c o n v e r s e is t r u e . D e n s i t y c h a n g e s in the 
coolant , u sua l l y Na or NaK, a r e r e f l e c t e d by r e a c t i v i t y c h a n g e s which a r e 
r e l a t i v e l y s m a l l . By far , m o s t of the power coeff ic ient i s a s s o c i a t e d with the 
expans ion of fuel and, in s p e c i a l c a s e s , c e r t a i n s t r u c t u r a l f e a t u r e s . F o r a 
t h e r m a l s y s t e m , in which the fuel i s c o n s i d e r a b l y m o r e d i lu te , s m a l l m o v e 
m e n t s of fuel m a t e r i a l have l i t t le effect on r e a c t i v i t y . In a fas t s y s t e m , fuel 
m o v e m e n t s of the o r d e r of m i l s a r e i m p o r t a n t , p a r t i c u l a r l y if the d r i v i n g 
fo rce is coupled th rough a t r a n s p o r t lag with the t h e r m a l output . It fol lows 
that s t r u c t u r a l f e a t u r e s c o m p l e t e l y a c c e p t a b l e f r o m the v iewpoin t of s t ab i l i ty 
in t h e r m a l s y s t e m s m a y ac tua l ly lead to s e r i o u s i n s t a b i l i t y ef fec ts in a sma l l , 
h ighly c o n c e n t r a t e d c o r e . 

To u n d e r s t a n d the m e c h a n i s m of i n s t ab i l i t y , it i s co n v en i en t to r e g a r d 
the r e a c t o r as a s i m p l e r e a c t i v i t y a m p l i f i e r . At l e v e l s of power for which 
hea t ing effects a r e neg l ig ib le , the gain of the s y s t e m i s c o m p l e t e l y d e s c r i b e d 
m t e r m s of the d e l a y e d - n e u t r o n p a r a m e t e r s and the s c h e d u l e of r e a c t i v i t y 
i n s e r t i o n . F o r a l l fas t s y s t e m s of p r a c t i c a l i n t e r e s t , the p r o m p t g e n e r a t i o n 
t i m e IS without effect on the kinet ic b e h a v i o r . At l e v e l s of power for wh ich 
s e n s i b l e n u c l e a r hea t ing o c c u r s , a r e a c t i v i t y input l e a d s to c h a n g e s in power 
and t e m p e r a t u r e which, in tu rn , a r e m a n i f e s t e d by c h a n g e s in the d e n s i t y of 
fuel, coolant , and s t r u c t u r e . Al l such c h a n g e s a r e s e n s e d by the s y s t e m as 
r e a c t i v i t y p e r t u r b a t i o n s which ac t to modify the input . R e a c t i v i t y i n s e r t i o n s 
m i t i a t e d by the s y s t e m i tse l f as the r e s u l t of d e n s i t y o r d i m e n s i o n a l c h a n g e s 
a r e c o m m o n l y r e f e r r e d to as feedback . 

Since the expans ion p r o c e s s e s in the fuel, coo lan t , and s t r u c t u r e r e 
q u i r e a finite amount of t i m e , t h e r e is a l w a y s a p h a s e lag b e t w e e n the input 
and feedback r e a c t i v i t i e s . The r e a c t o r canno t d i s t i n g u i s h b e t w e e n the v a r i o u s 
r e a c t i v i t i e s , and i t s r e s p o n s e for a g iven i n s e r t i o n s chedu l e i s d i c t a t e d by 
the n e u t r o n kinet ic equa t ions and the v e c t o r i a l s u m of the r e a c t i v i t y 



components. If the feedback is entirely prompt and negative, a portion of the 
reactivity input will be cancelled by the feedback. The reactor , sensing r e a c 
tivity as a vector ial sum, in terpre ts the part ia l cancellation as a reduction in 
input. Under these circumstanpes, the reactor will be stable for all credible 
reactivity insert ions regard less of schedule. If the power coefficient is prompt 
and positive, as indeed it can be, the feedback will reinforce the input. Such 
a system may be stable, conditionally stable, or unstable, depending on the 
magnitude of the power coefficient, the frequency dependence of the feedback, 
and the power. 

The fact that the overall power coefficient is strongly negative does 
not, by itself, guarantee stability. It is essent ia l that its time response be 
prompt. If the feedback is delayed sufficiently in time, strong shifts in phase 
between input and feedback react ivi t ies may occur. Under these special, but 
not improbable, conditions, constructive interference between reactivity 
"waves" will occur. Reactivity insert ions and withdrawals will be amplified 
and manifested by an increase in the overall system gain. 

The extent to which strong time-dependent feedbacks can influence 
the stability of a system is well- i l lustrated by the kinetic behaviors of the 
first two EBR-I loadings, commonly known as Mark I and Mark II .( ' ) In both 
cases there was a decided tendency for the power to oscillate whenever the 
reactor was operated at rat ios of power to coolant flow rate greater than 
those specified for normal operation. Usually some initiating influence, such 
as a control rod adjustment or a change of flow rate , was needed to initiate 
the oscillation. On certain more striking occasions, the oscillations appeared 
to be spontaneous in or ig in . l ' / 

As the resul t of intensive studies, the origin of the instability was 
attributed to the combination of two major power coefficient components: 
one prompt and_pesitive, and the other negative, larger in magnitude, and 
strongly delayed.(^^ 12) xhe mechanism responsible for the positive compo
nent was eventually identified as the inward bowing of fuel rods during a power 
increase . The origin of the delayed negative effect was t raced to an upper 
s t ruc tura l member which controlled reactivity through delayed expansion 
effects. As an important consequence of these studies, it was firmly es tab
lished that those features responsible for the instability were mechanical in 
origin, ra ther than nuclear, and could be eliminated through elementary changes 
in design. 

For the near future at least, it seems likely that the concern for the 
stability of small fast systems will diminish for the following reasons: the 
reassur ing conclusions result ing from various EBR-I experiments, and the 
fact that future commerc ia l fast systems will be less sensitive to s t ructural ly 
connected feedbacks. On the other hand, a shift in emphasis to small, concen
t ra ted systems for space application may, in the future, rekindle an in teres t 
in the stability of such sys tems. As the resul t s of Mark-IV experiments show, 
many poorly defined effects strongly influence the magnitude and linearity of 



the net power coefficient. Included among these are the effects of differential 
mater ia l expansion, clearance systems, and the bowing, saturation, and hang-u| 
of individual fuel slugs. Complications from such sources seriously limit the 
interpretation of transfer function data as a function of power. Fai lure to con
sider such effects in the design stage of smal l -core , high-power-density space 
systems could very well be a serious oversight. As a more immediate con
sequence, the results of the Mark-IV stability experiments suggest the possi
bility of hitherto unsuspected feedback mechanisms in EBR-II and, in addition, 
point out the need for further study in regard to the FARET experimental pro
gram.'•^^j rpjjg resul ts of the Mark-IV studies i l lustrate the problems involved 
and suggest additional a reas of investigation. 



III. TRANSFER FUNCTION MEASUREMENTS 

A. Description of the Mark-IV Loading 

Since the Mark-IV loading of EBR-I has been described in detail 
elsewhere,(14) only those features which have an immediate bearing on the 
kinetics of the system will be discussed here . An idealized vert ical c ross 
section through the inner tank assembly and reflector (lead in this case) is 
given in Fig. 1. Eight regions, each significantly different in mater ia l com
position, a re shown. Each is radially symmetr ic with respect to the vert ical 
axis. 

LEGEND 
C CORE 
B, MARK-E BLANKET 
B2 MARK-m BLANKET 
Bs CUP 
P, RADIAL PLENUM 
9t UPPER PLENUM 
PJ LOWER PLENUM 

P4 UPPER RADIAL PLENUM 

Fig. 1. Vertical Cross Section through 
EBR-I, Mark IV 

A summary of the physical composition of each region is given in 
Table I. The cited plutonium content of 35.3 v/o for the core refers to the 
fuel alloy which has the following composition (w/o): Pu, 98.59; Al, 1.25; 
impurit ies 0.16. Isotopically, the plutonium content of the fuel mater ia l 
may be broken down as follows: P u " ' , 94.44; Pu^*°, 5.06; Pu^*', 0.49; Pu 
and Pu"^, a t race . The cold wet (NaK) cri t ical mass corrected for control 
elements amounted to 27.79 kg plutonium (all isotopes). 

238 
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MARK-IV CORE AND BLANKET COMPOSITION (v/o) 

(See Fig. 1) 

Region Composition 

C, Core 304 SS, 6.3; Al bronze, 0.5: Zircaloy-2, 21.1; NaK, 36.7; and Pu, 35.3. 

Bi, Mark-IV 304 SS, 6.3; Al bronze, 0.5; Zircaloy-2, 21.1; NaK, 36.6; and depleted U, 35.4. 
Blanket 

B2, Mark-Ill 304 SS, 7.3; NaK, 25.6; natural U, 48.9; and Zr, 18.2. 
Blanket 

B3, Cup 

Pi, Radial 
Plenum 

P2, Upper 
Plenum 

P3, Lower 
Plenum 

P4, Upper 
Radial Plenum 

304 SS, 4.36; and lead, 85.1. 

304 SS, 54.1; Al, 5.44; NaK, 12.97; and Inconel, 2.84. 

304 SS, 71.5; and NaK, 22.2. 

304 SS, Z7.1; Al, 4.91; NaK, 35.4; Inconel, 2.21; and Zr, 3.45. 

304 SS, 75. 

B. Oscillator Rod and Drive System 

The device used for producing a sinusoidal variation of reactivity 
consists of a longitudinal, Bl°C-filled hole drilled slightly off center in a 
stainless steel rod. The BI°C column, approximately 3 in. in length and 
-| in. in diameter, consists of a train of individual slugs. The stainless 
steel rod, i | in. in diameter, is located in a 1 j j -in. thimble which, in turn, 
is positioned in the radial breeding blanket approximately 2 in. from the 
edge of the fuel-blanket interface. Accordingly, the Bi°C column is located 
m a region in which the gradient of the neutron flux is steep. Rotation of 
the rod is manifested by an alternate insertion and withdrawal of the poison 
column with respect to the core, and is sensed by the system as a sinusoid-
ally varying input of reactivity. 

Studies of the reactivity wave-shape were carr ied out by measuring 
the stable reactor period as a function of the angular position of the oscil
lator rod. The results of experiments carr ied out in both ZPR-III and EBR-1 
indicated, within the limits of experimental accuracy, the absence of a signif
icant harmonic content .dL 1 5) The peak-to-peak reactivity worth of the rod 
was measured to be 16.7 Ih. 

The oscillator rod drive unit consists of a ^-hp controlled-speed 
motor connected through reduction gears to the oscillator rod drive shaft 
which, m turn, extends downward through a packing gland in the reactor top 
and IS supported by a bearing in the reactor support s t ructure. The oscil
lator rod IS suspended from the drive shaft and is positioned by sleeve-type 
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guide bearings located along and at the bottom of the surrounding thimble. 
The drive unit is capable of rotating the oscillator rod over a frequency 
range of 0.001 to 20 cyc les / sec . 

C. Null Balance Method 

A block diagram il lustrating the components and the principle of the 
null balance system is given in Fig. 2. The var iable-speed drive, in addition 
to rotating the oscil lator rod, drives a cosine potentiometer through a var i 
able phase coupler which, in turn, is controlled by a geared selsyn motor. 
The selsyn motor, manually adjustable by a crank, is connected electrically 
to a selsyn t ransmi t te r which acts as a phase indicator. The actual phase 
relationship between the oscil lator rod and the cosine potentiometer is 
readable through a revolution counter connected directly to the crank of the 
selsyn motor. The high gear ratio of the selsyn system permits accurate 
readings of the phase. 

ION CHAMBER 

^ 

G 

> 

^ 

1(1+1, COS { u t - 9 ) 

PHASE 
INDICATOR 

1 
VARIABLE 
PHASE 
COUPLER 

-— 

L , { V VARIABLE SPEED 
* ^ J^OSCILLATOB DRIVE 

55 

l̂  

i: 
cos 

V\ 
POT 

?»d 

V .i 
-POISON OSCILLATOR ROD 
-REACTOR CORE 

J BAND 
PASS 
FILTER 

E 

DECADE 
RESISTANCE 

RECORDER 

Fig. 2. Oscillator Scheme for EBR-I 

The current from the ion chamber passes through the cosine potenti
ometer and decade res is tance box in se r i e s . The voltage signal appearing 
at the wiper of the cosine potentiometer is filtered by the band pass filter, 
amplified, and displayed on an oscillographic recorder . The filter blocks 
the dc component of the input voltage and attenuates components which are 
higher and lower in frequency than the fundamental. The filter has an at
tenuation charac te r i s t ic of 24 db/octave. 

Assuming that the reactivity input var ies sinusoidally and that the 
basic kinetic equations may be l inearized by dropping the products of small 
differentials, the method is easily susceptible to mathematical development. 
Hence, the current output of the ionization chamber may be described as 
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i = Io + l i C o s ( ( D T - 6), (1) 

w h e r e 9 i s the ang le b e t w e e n the r e a c t i v i t y input funct ion and the i o n i z a t i o n 
c h a m b e r r e s p o n s e , and u^ i s the o s c i l l a t i o n f r e q u e n c y . The c o s i n e p o t e n t i 
o m e t e r g e n e r a t e s a r e s i s t a n c e wi th a h a l f - a m p l i t u d e of 

Rp = - R [1 - cos (cD T- 0 ) ] , (2) 

w h e r e R is the m a x i m u m r e s i s t a n c e of the p o t e n t i o m e t e r and 0 i s the phase 
angle be tween the cos ine p o t e n t i o m e t e r and the o s c i l l a t o r r od . The vol tage 
output of the cos ine p o t e n t i o m e t e r , e, i s then 

e = i (Rp-^R^), (3) 

w h e r e R^ is the r e s i s t a n c e of the decade box. 

By subs t i tu t ion , 

e = { ^ ^ [ 1 - cos (a3T- 0)] + R( j | [ lo-Hi cos (to T - 0)] (4) 

= Io(Rd+ •2^) - 7 ^0^ cos (tUT- 0) + J IjR cos (CUT - 0) 

+ IiRd c o s ( m T - e) - - I i R cos{udT - 9) cos ( C O T - 0 ) . (5) 

Since the dc t e r m is e l i m i n a t e d in the f i l te r and s ince the c o s i n e p r o d u c t 
t e r m is highly a t t enua ted , the output vo l t age f r o m the f i l t e r i s s i m p l y 

E = Ii(Rd + - j R ) c o s ( C U T - e) - - I ( ,R cos (cDT- 0). (6) 

When the decade box is ad jus ted so that E = 0, the a m p l i t u d e r a t i o be tween 
1 and IQ IS 

_Ii_ ^ R cos (CUT- 0) ^ An 

Io (Rd + 7 R ) c o s ( c U T - 9) ~ ' ^^^ 

T s ' ^ c T l l a t t ^ " " ' f ' . f "= ' ^ ° "^^ '^^^"g'^ - - - t r o n l eve l r e s u l t i n g f r o m the 

r ^ c h that % : 0 " ^'^^^^ ^ ^ ^ ' ^ " ^ * " ^ ^ " °' *^^ - ^ ^ = ^ " ^ P ^ - ^ - - P l e ^ 

An 

n (8) 
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and since the overall t ransfer function G is defined as 

0(,., . ± ^ . (9) 

where Pjn is the oscillating reactivity input, the amplitude may be evaluated 
directly from res is tance data at the null point. Hence, the gain is given by 

|G„(icb)| = 5 - ^ . (10) 
^ i n ^ ^ d + I ^ ) 

The phase of the t ransfer function, 6, is simply the angle 0 established under 
null conditions. 

In pract ice , it is difficult to establish an absolute null point. To 
locate the null position as closely as possible, it is necessary to establish 
by t r ia l and e r r o r a combination of phase coupler and decade res is tance box 
settings which give an approximate minimum in the voltage E. Then, holding 
one variable constant, the other is varied about the null. A plot of the voltage 
output ve r sus the variable setting then leads by extrapolation to an acceptably 
accurate null setting. It is , of course, necessary to repeat the procedure with 
the other variable fixed. The resul ts of experience have shown that under 
normal c i rcumstances , phase and amplitude data are reproducible within the 
l imits of ±1° and +1%, respectively. 

D. Zero Power Transfer Function 

In the absence of tempera ture-sens i t ive reactivity feedback effects, 
i.e., for the case in which nuclear heating is negligible, the kinetic response 
of the reac tor is dictated completely by the delayed-neutron pa ramete r s and 
the effective prompt-neutron lifetime. The development of the necessary 
mathematics is well understood and has been treated in detail elsewhere.(^ °) 
The expression for the t ransfer function is 

G „ ( i a . ) = ^ = p ^ . . (11) 
'I Pin iu3£* 1 + 

-1 
Z i*(Xj + ico) 

where An/n is the fractional change in power orginating from a sinusoidally 
varying reactivity Pin, "̂  is the oscillation frequency, i* is the effective 
prompt-neut ron lifetime, and jSj and X-i a re , respectively, the relative abund
ance and decay constant for the i*̂ l̂  delayed-neutron-emitt ing group. If I*, 
S-, and Xj a re known, Go(icu) may be evaluated as a function of frequency 
from Eq. U . 
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For a thermal system, nearly all fissions occur in the pr imary fuel, 
and since &*, Pi, and Xi are reasonably well known, the evaluation of Go(i(Xi), 
while tedious, is straightforward. For a fast reactor , part iculary for EBR-I, 
Mark IV, an evaluation of Go(icu) is complicated by the fact that fissions occur 
in several species, namely, P u " ' , Pu^*°, \j"\ and U " ^ Since the delayed-
neutron parameters differ for each species, it is necessary to establish a set 
of effective Pj's and X:'s which describe the average propert ies of the 
delayed-neutron-emitting isotopes. As an additional complication, the rela
tive worths of neutrons (both prompt and delayed) emitted as the resul t of 
fission in each species must also be considered. Since Pu and Pu fis
sions are limited to the core, while U^̂ ^ and U^^' fissions are limited to the 
blanket regions, an evaluation of the relative worths of prompt and delayed 
neutrons involves a spatial weighting. 

Such an evaluation has been carr ied out by Loewenstein, who has 
determined the relative number of fissions for each species and the relative 
worths of prompt and delayed neutrons for a three-region system consisting 
of a core and two surrounding blankets of different densit ies, (l'^) The cal
culations were carried out for idealized spherical geometry, with consider
ation given to the fact that the usual uranium reflector in EBR-I was replaced 
by one of lead. The partition of fission events between the various species 
and the relative worths of prompt- and delayed-neutron events are summar
ized in Table II. Using the information of Table II and values of jSj for the 
various species,(18) Loewenstein has also evaluated the effective delay 
fractions for each species and for each of the six delayed-neutron-emitting 
groups. His results are summarized in Table 111. Summation over all 
groups for each of the four species results in an overall effective delayed-
neutron fraction of 0.00304. 

Table II 

RELATIVE WORTHS OF PROMPT AND DELAYED NEUTRONS FOR 
IDEALIZED THREE-REGION MARK-IV SYSTEM 

(Radial Sphere with Lead Cup) 

Relative Number Relative Worth of Relative Worth of 
Species of Fissions Delayed Events 

Core 

B - l 

B-2 

P u " ' 
Pu^" 

U"= 

U"= 
U " ' 

0.8122 
0.0244 

0.0004 
0.0246 

0.0109 
0,1294 

1.037 
1.0418 

0.6538 
0.6548 

0.3278 
0.3413 

1.00 
1.0046 

0.6666 
0.6680 

0.3563 
0.3699 
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I so tope 

P u " ' 

P u ^ " 

U235 

To ta l 

Table III 

Peff FOR E B R - I , MARK IV 
(Radia l Sphere with Lead Cup) 

Peff 
Group 1 

0.00007462580 

0.00000207608 

0.00000089128 

0.00001277350 

0.00009036660 

Peff 
Group 2 

0.0005498740 

0.0000202475 

0.0000049977 

0.0001346850 

0.0007098050 

Peff 
Group 3 

0.0004245630 

0.0000142303 

0.0000044095 

0.0001592300 

0.0006024330 

p fr for a l l g roups 

Peff 
Group 4 

0.0006443260 

0.0000259510 

0.0000095479 

0.0003814510 

0.0010612800 

= 0.00304 

feff 
Group 5 

Peff 
Group 6 

0.00020199500 0.00006873430 

0.00000949636 0.00000215023 

0.00000300222 0.00000060983 

0.00022121900 0.00007376050 

0.00043571200 0.00014522500 

Effective values of Xi were established by weighting each value for 
a given species and a given delay group by the fraction of fissions occur
ring for that part icular species. The effective paramete rs for delayed-
neutron emission are summarized in Table IV. 

E F F E C T I V E DELAYED-NEUTRON PARAMETERS 
FOR E B R - I , MARK IV 

N e u t r o n Group 

1 

2 

3 

4 

5 

6 

0.01294 

0.03125 

0.1345 

0.3348 

1.286 

3.361 

0.0000904 

0.0007098 

0.0006024 

0.0010613 

0.0004357 

0.0001452 

Total 0.00304 

E. Calculated Zero Power Transfer Function 

The zero power transfer function Go(icu) was evaluated as a function 
of frequency from Eq. U with an IBM-1 620.(19) Input data consisted of 
values given for (3i and Xi in Table'lV and a value of 4 x lO'^ sec for the 
effective prompt-neutron lifetime.(1^) 

The resul ts for both phase and amplitude are given by the solid 
curves of Fig. 3. At low frequencies, the amplitude increases and a p 
proaches infinity as the oscillation frequency approaches zero. For frequen
cies in the vicinity of 1.0 to 10.0 cyc les / sec , the amplitude decreases slowly 
with increasing frequency and approaches on asymptotic limit of l//3eff-
The phase shift approaches a limiting value of -90° as the oscillation fre
quency approaches zero, whereas at high frequencies, 1.0-10.0 cyc les / sec , 
the lag approaches zero. 



16 

POWER 50 Kw 

FLOW 260 GPM 

TEMPERATURE 50° C. 

o Q o AMPLITUDE 

A s a PHASE 

0.10 1.00 

FREQUENCY, CYCLES PER SECOND 

Fig. 3. Zero Power Transfer Function 

F. Experimental Zero Power Transfer Function 

In principle it is possible to evaluate the amplitude at any given fre 
quency from a knowledge of pin, the oscillating reactivity driving function, 
and An/n, which is established from the resistance settings under null con-
ditions. A value for the driving function may be established directly by 
measuring the difference in reactivity noted with the oscillator rod in its 
maximum and minimum worth positions through period measurements 
However, the e r ro r s associated with determining pjn in this manner are 
somewhat larger than the reproducibility of null measurements . Fur ther 
more, experience has shown(ll) that the worth of the oscillator rod in 
EBR-1 varies as much as 2-3%, depending on the reactor power and 
coolant temperature. To avoid these difficulties and to eliminate e r r 
associated with independent measurements of Pi„, all amplitude data 
2 oTvcl" /se°c F " " / T ' amplitude curve for frequencies greater than 
t e rmLtTon of th d " 7 ' "" normalization amounts to an indirect de
termination of the driving function worth from the expression 

the 
e r r o r s 

^vere 

|Go(icu)| 

Pin(Rd+2"R) 
(12) 
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where |Go(iCu)j is the calculated zero power value of the amplitude at a given 
high frequency, and R and Rd are the res is tance values of the cosine potenti
ometer and decade box, respectively. The successful application of the 
method re l ies on the validity of the assumption that feedback effects at high 
frequencies, i .e. , grea ter than 2.0 cyc les / sec , are negligible. In view of 
previous experimental r e su l t s ( l l ) under a wide variety of experimental con
ditions, this assumption appears to be valid. The measured value of jG(icu) |, 
either with or without feedback, may then be found from the expression 

tG(icu)| = ^ , (13) 
(Rd + 2- R) 

where M is an average value of the product |iGo(icD) | (Rd +~^) evaluated at 
.several high frequencies. 

As a consequence of the normalization, a ra ther exact agreement is 
forced between experimentally measured and calculated values of amplitude 
at higher frequencies. Accordingly, an agreement between experimental and 
calculated values is essentially worthless as a cr i ter ion of equipment and 
method reliability.. At lower frequencies, however, the fit is not forced, and 
the agreement between experimentally measured and calculated values may 
satisfactorily be used as a reliability cr i ter ion. F r o m the low-frquency 
amplitude resu l t s , given in Fig. 3, it seems reasonable to conclude that ex
perimental values of the amplitude are consistent with theoretically derived 
values. 

For frequencies grea ter than 2 cyc les / sec , a significant difference 
exists between experimentally measured and calculated values for the phase 
of the t ransfer function. It is also apparent from Fig. 3 that as the frequency 
inc reases , the magnitude of the discrepancy becomes la rger . The resul ts 
of previous experiments( l 5) in which the discrepancy between measured and 
calculated phase values was established as a function of detector distance, 
demonstrated that as the detector is moved away from the core, the d i sc rep
ancy at a given frequency inc reases . Covering the detector with 0.030 in. of 
cadmium foil decreased the discrepancy. Accordingly, the phase discrepan
cies at high frequency have been associated with the time required for neu
trons originating in the core to reach the detector. 

F r o m ear l ie r studies, conducted by means of EBR-I simulation with 
ZPR-111,(1^) it is also apparent that the extent of the discrepancy depends 
on the type of detector used. Such a discrepancy, for a given high frequency, 
is insensit ive to power, and, once established, may be used as a correct ion 
for other data sets . Fu r the rmore , the region of discrepancy, i .e. , 
>2.0 cyc le s / sec , is of little pract ical in teres t since feedback effects at these 
frequencies a re essential ly nonexistent. 



At low f r e q u e n c i e s , m e a s u r e d v a l u e s of the p h a s e a r e c o n s i s t e n t l y 
l e s s nega t ive than c a l c u l a t e d v a l u e s . In fact , a def in i te t r e n d m a y be no ted 
in the l o w - f r e q u e n c y p h a s e r e g i o n wi th the s e n s e of the d i s c r e p a n c y such 
that i t s magn i tude i n c r e a s e s a t the l o w e r f r e q u e n c i e s . The o r i g i n of t h e s e 
d i s c r e p a n c i e s h a s not b e e n e s t a b l i s h e d . One obvious exp lana t ion , for e x 
a m p l e , c o n c e r n s the f a i l u r e to eva lua t e p r o p e r l y the effect ive v a l u e s of jSj 
and Xi u s e d in c a l c u l a t i o n s of the z e r o p o w e r t r a n s f e r funct ion . 

In s e p a r a t i n g the feedback f rom t r a n s f e r funct ion m e a s u r e m e n t s , it 
b e c o m e s n e c e s s a r y to choose be tween the two s e t s of r e f e r e n c e p h a s e da ta . 
Since d i s c r e p a n c i e s of th i s n a t u r e w e r e not e x p e r i e n c e d in e a r l i e r s t ud i e s 
conducted with the s a m e equ ipment , and s ince the c a l c u l a t e d v a l u e s w e r e 
b a s e d on a s e r i e s of a p p r o x i m a t i o n s , it was b e l i e v e d tha t f e edback s e p a r a 
t ions should be b a s e d on e x p e r i m e n t a l l y d e t e r m i n e d v a l u e s of | Go(iCD)|' and 
00-

G. T r a n s f e r Func t ion M e a s u r e m e n t s a t P o w e r 

The a p p r o a c h to full power (nomina l ly 1200 kW) f r o m cold c l e a n 
c r i t i c a l was c a r r i e d out in the following s equence ; 510, 878, and 1193 kW. 
Fol lowing each i n c r e m e n t a l change in power , a c o m p l e t e se t of m e a s u r e 
m e n t s of t r a n s f e r function was c a r r i e d out. In g e n e r a l , o s c i l l a t i o n f r e 
quenc ies r anged f rom 0.02 to 10.0 c y c l e s / s e c . A m p l i t u d e da t a w e r e 
n o r m a l i z e d to ca l cu l a t ed va lue s for f r e q u e n c i e s g r e a t e r than 2.0 c y c l e s / s e c , 
while phase da ta w e r e n o r m a l i z e d to m e a s u r e d z e r o power v a l u e s for the 
s a m e f requency r a n g e . After each power i n c r e a s e , flow change t e s t s in 
which the power l eve l was m o n i t o r e d dur ing and a f t e r a sudden flow change 
( a p p r o x i m a t e l y 30%) w e r e conduc ted in an effort to d e t e c t the e x i s t e n c e of 
a p r o m p t pos i t ive power coeff ic ient componen t . 

To study the effects of coolan t in le t t e m p e r a t u r e on the k i n e t i c s of 
the s y s t e m , m e a s u r e m e n t s of the t r a n s f e r funct ion w e r e c a r r i e d out a t in le t 
t e m p e r a t u r e s rang ing f r o m a low of 50°C to a high of 230°C. B e c a u s e of a 
l imi t p l aced on the m a x i m u m fuel t e m p e r a t u r e (450°C) it was not p o s s i b l e 
to o p e r a t e a t full power unde r condi t ions of high in le t t e m p e r a t u r e . The 
h ighes t power level r e a c h e d for an in le t t e m p e r a t u r e of 230°C was only 
930 kW. N e v e r t h e l e s s , sufficient i n f o r m a t i o n was ob ta ined to p e r m i t a 
l im i t ed a n l a y s i s of the effects of in le t t e m p e r a t u r e . 

A s u m m a r y of a l l p e r t i n e n t t r a n s f e r funct ion da ta i s g iven in Tab le V. 
AU data s e t s w e r e t aken under s e r i e s flow condi t ion , and wi th a l l t igh ten ing 
r o d s and co re c l a m p s t ightened. 
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T a b l e V 

SUMMARY O F T R A N S F E R F U N C T I O N DATA 

Run 
No . 

79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 

98 
99 

100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 

F r e q u e n c y , 
c / s e c 

510 kW, 

3.00 
4 .10 
5.00 
6.00 
7.00 
8.00 
9.00 

10.00 
0.708 
0.396 
0.200 
0.100 
0 .075 
0.050 
0.020 
0.150 
0.150 
0.120 
0.090 

878 kW, 

9.47 
5.00 
2.54 
1.68 
1.00 
0.58 
0.35 
0.20 
0.102 
0.069 
0.0400 
0.0199 
0.247 
0.170 
0.125 

A m p l i t u d e 
G 

265 gpm, 50°C 

323.8 
332.0 
329.9 
327.6 
330.3 
328.7 
328.7 
328.0 
336 .6 
352.4 
376.5 
400 .3 
401 .4 
429 .6 
530.9 
389.2 
876.6 
392.2 
401 .4 

281 gpm, 51°C 

328.7 
326 .6 
331.8 
330.8 
332.0 
338.4 
361.3 
381.2 
358.3 
365.1 
372.3 
429 .4 
370.8 
380.0 
370.8 

P h a s e 

0 

- 2 . 9 
- 3 . 9 
-2 .2 
-2 .2 
- 2 . 5 
- 2 . 5 
- 2 . 5 
- 2 . 9 
- 3 . 9 
- 6 . 7 
- 8 . 0 
- 9 . 6 

-11 .1 
- 1 5 . 5 
-20 .9 

- 9 . 8 
- 9 . 5 
- 9 . 3 

- 1 0 . 8 

- 3 . 4 
- 1 . 8 
- 1 . 9 
- 2 . 6 
- 3 . 4 
- 4 . 4 
-6 .4 
- 5 . 0 
- 2 . 4 
-4 .2 
- 9 . 6 

-15 .4 
- 6 . 0 
- 3 . 8 
- 1 . 2 
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Table V (Contd.) 

Run 
No. 

113 
114 
115 
116 
117 
118 

119 
120 
121 
122 
123 
124 
125 
126 
127 
128 

129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 

Frequency, 
c/sec 

1193 kW, 

1.74 
3.07 
5.44 
8.33 
1.72 
1.00 

0.59 
0.338 
0.193 
0.150 
0.120 

0.109 
0.070 
0.041 
0.028 
0.253 

1120 kW, 

1.01 
2.03 
0.88 
0.694 
0.487 
0.292 
0.147 
5.93 
5.06 
3.00 
0.244 
0.170 
0.127 
0.200 
0.100 
0.070 
0.050 
0.020 

Amplitude 
G 

286 gpm, 73°C 

330.0 
329.2 
327.5 
327.3 
332.1 
333.7 
340.1 
366.6 
382.5 
359.4 
343.6 

331.9 
318.1 
309.1 
342.6 
374.6 

291 gpm, 174°C 

329.9 
330.8 
331.0 
334.3 
345.1 
377.0 
386.2 
329.5 
328.7 
330.4 
363.2 
398.1 

369.1 
392.1 
330.1 

302.5 
284.6 
296.0 

Phase 

0 

-2.2 
-2.2 

-2.9 
-3.4 
-2.1 
-3.3 
-3.7 
-4.3 
-^3.5 

-1-5.2 

+4.7 

-1-5.2 

-f2.0 

-3.3 

-8.2 

-1.8 

-2.1 

-1.7 

-1.9 

-2.8 

-4.2 

-3.5 

-1-7.0 

-2.4 

-2.5 

-1.7 

-2.5 

+3.4 

+7.4 

+2.3 

+8.7 

+8.7 

+3.9 
-3.2 
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Table V (Contd.) 

Run 
No . 

154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 

Frequency, 
c / sec 

930 kW, 

5.82 
4.90 
4.05 
2.01 
1.00 
0.89 
0.70 
0.50 
0.296 
0.251 
0.200 
0.170 
0.150 
0.129 
0.100 
0.070 
0.049 
0.020 

Amplitude 
G 

294 gpm, 230°C 

329.3 
328.5 
329.1 
328.3 
328.5 
331.8 
335.3 
341.1 
373.4 
390.6 
410.3 
408.8 
409.4 
402.5 
377.4 
345.5 
301.3 
319.3 

Phase 
0 

-1.9 
-2.4 
-2.0 
-2.0 
-3.0 
-3.6 
-4.5 
-6.0 
-6.9 
-6.4 
-3.9 
+0.2 
+ 1.6 
+4.0 
+4.9 
+3.6 
+0.5 
-2.6 

A comparison of resul ts for the various data sets is given in Figs. 4 
through 8. F r o m Figs . 4, 5, and 6, which compare the resul ts for low values 
of inlet t empera ture , it is apparent that increases in power tend to make the 
system less stable. The extent by which experimental values of the ampli
tude lie above calculated zero power values may be used as a cr i ter ion of 
constructive interference between the input and feedback react ivi t ies . At 
510 kW and 50°C, a slight increase in the experimental amplitude (in the 
vicinity of 0.1 to 0.3 cycle /sec) may be seen in Fig. 4. At 878 kW and at 
essential ly the same inlet tempera ture , 51 °C, a definite "bump" appears in 
the amplitude curve (see Fig. 5). A strong phase increase , i.e., less nega
tive, is also noted in the vicinity of 0.1 to 0.2 cyc le / sec . Finally, at full 
power, 1193 kW and at a slightly higher inlet tempera ture , 73°C, the "bump" 
is even more prominent (see Fig. 6). The corresponding phase values r e 
flect the increase in power by becoming even less negative; in fact, they 
become positive in the vicinity of 0.07 to 0.15 cyc le / sec . 

The effect of inlet tempera ture on the transfer function is i l lustrated 
qualitatively by a comparison of the data set at 1193 kW and 73°C with the 
data set at 1120 kW and 175°C. Although in going from 73 to 175°C the power 
level actually dec reases , the associated feedback change is such that the 
amplitude peak increases and phase values become even more positive. 
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Fig. 4 

Load Power Transfer Function 
for 510 kW, 265 gpm, and 50°C 

FREQUENCY, CYCLES PER SECOND 

Fig. 5 

Load Power Transfer Function 
for 878 kW, 281 gpm, and 51°C 

ZERO POWER 

Fig. 6 

Load Power Function Transfer 
for 1193 kW, 286 gpm, and 73°C 

FHEQUENCr, CYCLES PER SECOND 
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Fig. 7 

Load Ppwer Transfer Function 
for 1120 kW, 291 gpm, and 17 5°C 

1, CVCLES PER SECOND 

Fig. 8 

Load Power Transfer Function 
for 930 kW, 294 gpm, and 230''C 

— ZERO POWER 

fRpQUEKCY. CYCLES PER SECOND 
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IV. R E S U L T S AND ANALYSIS 

A. F e e d b a c k Sepa ra t i on 

P h y s i c a l l y , it is difficult to p l ace m o r e than a q u a l i t a t i v e i n t e r p r e 
t a t ion on t r a n s f e r function r e s u l t s a lone . It i s m o r e i n s t r u c t i v e to s e p a r a t e 
the r e a c t i v i t y feedback f rom the t r a n s f e r funct ion and to i n t e r p r e t the f eed 
b a c k in t e r m s of b a s i c t i m e c o n s t a n t s and power coe f f i c i en t s . 

F r o m b a s i c s e r v o m e c h a n i c a l c o n s i d e r a t i o n s , the t r a n s f e r funct ion 
is defined as 

Gn(icu) , , 
G iCD = — , 14 

1 + Go(iCD)H(iCD) 

"where G(ico) i s the t r a n s f e r function u n d e r p o w e r cond i t i ons , Go(iCD) is the 
z e r o power t r a n s f e r function, and H(icD) is the r e a c t i v i t y f eedback . A r e 
a r r a n g e m e n t of Eq . (14) l e ads to 

H(ia)) = [l/G(iCD)] - [l/Go(ia3)], (15) 

w h e r e l/G(ico) and l/G()(iU3) a r e the c o r r e s p o n d i n g i n v e r s e g a i n s . It i s a 
s i m p l e m a t t e r then to eva lua te H(iCD) s ince l/G(iCD) i s r e a d i l y e s t a b l i s h e d 
f rom the e x p e r i m e n t a l r e s u l t s and l/Go(ico) i s a v a i l a b l e f r o m the c a l c u 
l a t ed z e r o power da ta . 

E a c h of the da ta s e t s g iven in Tab le V and i l l u s t r a t e d in F i g s . 4 
t h rough 8 was p r o c e s s e d to give the r e s u l t a n t feedback . The r e s u l t s of the 
v a r i o u s s e p a r a t i o n s a r e s u m m a r i z e d in Tab le VI. In add i t ion to the r e a l 
and i m a g i n a r y componen t s of the feedback, the a s s o c i a t e d a m p l i t u d e and 
p h a s e a r e a l so l i s t ed . 

A g r a p h i c a l c o m p a r i s o n of the v a r i o u s feedback r e s u l t s is g iven in 
F i g . 9, in which the r e a l and i m a g i n a r y componen t s a r e p lo t t ed a s a func
t ion of f requency . Since each da ta se t was ob ta ined u n d e r d i f fe ren t c o n d i 
t ions of power , flow, and t e m p e r a t u r e , it i s difficult to a s s i g n any i m m e d i a t e 
quan t i t a t ive s igni f icance to the r e s u l t s i l l u s t r a t e d . N e v e r t h e l e s s , the da ta , 
t a k e n co l l ec t ive ly , ind ica te s ignif icant t r e n d s . The fact t ha t the f eedback 
e n t e r s the t h i r d q u a d r a n t ( lower l e f t -hand q u a d r a n t ) at h igh f r e q u e n c i e s 
i n d i c a t e s that any c r e d i b l e feedback m o d e l m u s t be c h a r a c t e r i z e d by at 
l e a s t two p o l e s , i . e . , two f r e q u e n c y - d e p e n d e n t t e r m s in the d e n o m i n a t o r 
The obvious i n c r e a s e of feedback wi th power is e x p e c t e d on a p u r e l y m a t h e 
m a t i c a l b a s i s s ince feedback is defined as the p r o d u c t of p o w e r and the 
power coefficient of r e a c t i v i t y . Al though not p a r t i c u l a r l y obv ious f r o m 
F i g , 9, a s t rong t e m p e r a t u r e s ens i t i v i t y e x i s t s . F o r e x a m p l e , the a m p l i t u d e 
of the feedback for 930 kW and 230°C is c o n s i s t e n t l y g r e a t e r t h a n the a m 
pl i tude e s t a b l i s h e d at 1193 kW and 73°C, A d e t a i l e d d i s c u s s i o n of 
t e m p e r a t u r e - s e n s i t i v e feedback effects is g iven in Sec t ions IV-G and IV-H 



25 

Table "SZI 

SUMMARY OF REACTIVITY' FEEDBACK SEPARATIONS 

Frequency 
c/sec 

0.020 
O.05O 

0.075 

0.090 
0.100 
0.120 

0.150 
0.200 

0.396 
0.708 

0.020 

0.040 
0.069 

0.102 
0.125 

0.170 

0.200 
0.247 

0.350 

0.580 

0.028 
0.070 

0.109 
0.120 

0.150 

0.193 
0.253 
0.340 

0.590 

Feedback H x 10̂  

510 kW, 265 

(0.535-0.12611 
(0.377-0.22811 
(0.302-0.3051) 

(0.196-0.2861) 
(0.152-0.3111) 
(0.106-0.2701) 
(0.029-0.1991) 
(0.000-0.18011 

(-0.040-0.04011 
(0.013-0.05511 

878 kW, 281 

(1.014-0.18011 

(0.928-0.4321) 
(0.640-0.6011) 

(0.465-0.60111 

(0.270-0.617!) 
(0.068-0.4171) 

(-0.020-0.3131) 

(-0.023-0.2091) 
(-0.070-0.0971) 

(0.020-0.0600 

1193 kW, 286 

(1.450-0.4181) 
(1.040-0.9151) 

(0.650-0.9731) 
(0.495-0.9401) 

(0.255-0.8781) 
(0.000-0.4001) 

(-0.050-0.405i) 

(-0.092-0.205i) 
(0.003-0.9071) 

2 0 0.2 0.4 

Feedback 

Amplitude X 

pm, 51''C 

gpm 

gpr 

0.552 
0.441 

0.429 
0.347 

0.346 
0.290 
0.201 

0.180 
0.0566 

0.0564 

51°C 

1.028 
1.024 

0.878 
0.760 

0.674 

0.423 
0.313 

0.211 
0.120 

0.063 

,73°C 

1.510 
1.385 

1.170 

1.062 
0.914 
0.400 
0.405 

0.207 
0.097 

0.6 

Feedback 

103 Phase, deg 

13.2 

31.2 

45.3 
55.6 

63.9 
68.5 

81.7 
90.0 

135.0 

103.4 

10.0 
25.0 

43.2 

52.3 
66.2 

80.9 
93.7 

96.3 
102.6 

-

16.1 
41.3 

56.3 
62.3 

73.8 
90.0 
97.0 

114.2 

FEEDBACK X 

0.8 LO 

Frequency, 

c/sec 

0.020 

0.050 

0.070 
0.100 

0.127 
0.147 

0.170 
0.200 

0.244 
0.290 
0.490 
0.690 

0.880 

0.020 

0.049 
0.070 

0.100 

0.129 
0.150 
0.170 

0.200 

0.251 
0.296 

0.500 
0.700 
0.890 

0 - ' 

1.2 

Feedback 

Feedback H x l o ' Amplitude x 10' 

1120 m, 291 gpm, 175°C 

(2.140-0.61911 
(1.639-1.0891) 
(1.160-1.3051) 

(0.674-1.18811 
(0.235-1.01511 

(0.064-0.947 i l 

1-0.064-0.74011 
(-0.080-0.65211 
(0,042-0.3721) 

(-0.117-0.2861) 
(-0.005-0.n8i l 
(0.031-0.11311 

10.050-0.11911 

930 kW, 294 gpm 

(1.901-0.65411 
(1.471-0.875(1 

(0.790-0.980(1 
(0.325-0.91511 

(0.030-0.8381) 
(-0.067-0.69411 

(-0.115-0.60111 

1-0.200-0.384(1 
(-0.171-0.20311 

(-0.128-0.1281) 
10.018-0.0141) 
10.022-0.07111 
(0.030-0.02911 

1.4 1.6 1.8 

2.230 

1.966 
1.745 

1.366 

1.042 
0.950 
0.744 

0.658 
0.375 
0.309 

0.118 
0.117 

0.129 

230°C 

2.010 

1.715 
1.260 

0.970 

0.838 
0.696 
0.612 

0.433 
0.265 

0.182 
0.023 
0.074 

0.042 

2.0 

Feedback 
Phase, deg 

16.2 
33.6 

48.4 

53.8 
77.0 
86.1 
95.0 

97.0 
83.5 

111.2 
92.5 
74.7 

67.5 

19.0 
30.7 

51.2 
70.5 

88.0 
95.5 

100.8 
117.6 

130.0 
135.0 

-
-

2.2 

Kw, 265 GPM, 5 0 C. 

Kw, 281 GPM, 51 C. 

Kw, 286 GPM, 73 C. 

Kw, 291 GPM, 175 C. 

« 930Kw, 294GPM, 230 C. 

Fig. 9. Comparison of Feedback 

http://-0.050-0.405i
http://-0.092-0.205i
http://-0.005-0.n8il
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B. F e e d b a c k Model 

The u l t i m a t e a c h i e v e m e n t of feedback a n a l y s i s would be a d e t a i l e d , 
ye t u n d e r s t a n d a b l e , m a t h e m a t i c a l m o d e l wh ich e x p l a i n s a l l e x p e r i m e n t a l l y 
o b s e r v e d k ine t i c p h e n o m e n a for al l condi t ions of p o w e r , coo lan t flow r a t e , 
and t e m p e r a t u r e . Th i s , of c o u r s e , i s the goa l of m a n y a n a l y s t s , p a r t i c u l a r l y 
t h o s e who a r e a s s i g n e d the r e s p o n s i b i l i t y of p r e d i c t i n g the k i n e t i c c h a r a c 
t e r i s t i c s of a s y s t e m for which no e x p e r i m e n t a l i n f o r m a t i o n e x i s t s . ' ^ 0 , 2 1 ) 

The u s u a l a p p r o a c h , in such i n s t a n c e s , i s one of s y n t h e s i s . A n t i c i 
p a t e d r e a c t i v i t y - f e e d b a c k effects a r e i n c o r p o r a t e d into a c r e d i b l e f eedback 
m o d e l which is b a s e d , to s o m e ex ten t , on in tu i t ion . The s u b s t i t u t i o n of 
e s t i m a t e s for power coef f ic ien ts , t i m e c o n s t a n t s , d a m p i n g p a r a m e t e r s , e t c . , 
into the m a t h e m a t i c a l naodel l e a d s even tua l ly to a f r e q u e n c y - d e p e n d e n t 
f eedback which p e r m i t s an advanced eva lua t ion of the s y s t e m s t a b i l i t y . How 
wel l the p r e d i c t e d r e s u l t s a g r e e with t h o s e e s t a b l i s h e d e x p e r i m e n t a l l y i s not 
known, but it i s r e a s o n a b l e to a s s u m e tha t the o r i g i n a l p r e d i c t i o n i s not p e r 
fect . Once e x p e r i m e n t a l i n fo rma t ion is a v a i l a b l e , the a n a l y s t can r e t u r n to 
h i s s y n t h e s i s , and by shaping v a r i o u s p a r a m e t e r s , f o r c e a b e t t e r a g r e e m e n t 
be tween c a l c u l a t e d and e x p e r i m e n t a l r e s u l t s . The d e g r e e of fo rc ing n e c e s 
s a r y to effect a s a t i s f a c t o r y a g r e e m e n t m a y then be u s e d a s a m e a s u r e of 
how wel l the m o d e l was conce ived and how a c c u r a t e l y the i n i t i a l p a r a m e t r i c 
v a l u e s w e r e e s t i m a t e d . F o r a s a t i s f a c t o r y a g r e e m e n t , the a n a l y s t b e l i e v e s , 
wi th s o m e jus t i f i ca t ion , tha t he u n d e r s t a n d s the o r i g i n s of the v a r i o u s f eed
b a c k s , t h e i r m a g n i t u d e s , and t h e i r r e l a t i v e p h a s i n g . Th i s d i r e c t o r synthe t ic 
a p p r o a c h enjoys the d i s t i nc t advan tage tha t po t en t i a l l y d e l e t e r i o u s f e a t u r e s 
in an unbui l t s y s t e m m a y be d e t e c t e d e a r l y enough to p e r m i t t h e i r e l i m i n a 
t ion in the final des ign . In a p r a c t i c a l s e n s e , the s y n t h e t i c a p p r o a c h r e q u i r e s 
a s c r u t i n y of f e a t u r e s which conce ivab ly could be d a n g e r o u s and w h i c h could 
be innocent ly c a r r i e d over to the final d e s i g n . 

The m o s t i m p o r t a n t l i m i t a t i o n i m p o s e d on the s y n t h e t i c , p r e 
o p e r a t i o n a l s t ab i l i t y a n a l y s i s i s one of fai l ing e i t h e r to u n d e r s t a n d o r to 
an t i c ipa t e fundamenta l f eedback m e c h a n i s m s which even tua l l y t u r n out to 
be i m p o r t a n t . F o r e x a m p l e , it s e e m s un l ike ly tha t even a h igh ly sk i l l ed 
a n a l y s t would have an t i c ipa t ed the d i f f icul t ies e x p e r i e n c e d vv îth S R E ( 2 2 ) or 
with the e a r l i e r loadings of EBR-I . (12) 

F o r e x t r e m e l y s m a l l , highly c o n c e n t r a t e d c o r e s , such a s the Mark- IV 
loading of E B R - I , f a c t o r s beyond the c o n t r o l and the ab i l i ty of the a n a l y s t 
c o m b m e to l i m i t the u s e f u l n e s s of the d i r e c t a p p r o a c h . F r o m the r e s u l t s 
of m a n y m e a s u r e m e n t s , ( 1 1 , 1 2 ) inc luding t h o s e d i s c u s s e d in t h i s r e p o r t , it 
IS c l e a r that the feedback is s t r o n g l y dependen t on i n t a n g i b l e s such a s 
c l e a r a n c e s be tween fuel r o d s , be tween fuel r o d s and h e x e s , and even b e 
tween h e x e s . E a c h of t h e s e c l e a r a n c e s y s t e m s is d e p e n d e n t on t e m p e r a t u r e , 
and s m c e j a c k e t and hex m a t e r i a l d i f fer , c o n s i d e r a t i o n s m u s t be g i v e n to 
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the different thermal expansion proper t ies of the mater ia ls , involved. Ac
cordingly, the t rea tment of clearance systems on an exact or quantitative 
bas is , over a vî ide range of power and tempera ture conditions, is not a well-
established science. 

As an effective compromise, the analyst may in such situations ac 
cept the experimental data, and by working backwards attempt to associate 
the various feedbacks with temperature-dependent physical p rocesses . In 
other words , feedback data resulting from a specified set of operating con
ditions may be broken down into basic t ime constants and power coefficient, 
each of which, hopefully, may be identified with a specific feedback mecha
nism. Finally, if the values of empirically determined pa ramete r s are con
sistent with those expected from theoretical considerations, the analyst 
may then feel justified in accepting a mathematical model which describes 
the feedback function for a limited range of operating conditions. 

The feedback associated with the Mark-IV loading may be described 
by a model which includes two general t e r m s : 

Total Feedback = Prompt Feedback + Delayed Feedback, (16) 

in which the first t e rm defines the feedback associated pr imari ly with 
power density changes in the fuel, and the second t e rm describes the feed
back associated with expansion effects in the cladding, coolant, and s t ruc
tu re . On a relat ive bas is , the first t e r m is prompt and the second t e rm is 
delayed. The model is essentially that proposed by Kinchin,(8) and later 
extended by Bethe(9) and by Smith et al . ,( l2) to describe the feedback a s 
sociated with ear l ie r EBR-I loadings. 

1. P rompt Te rm 

Contributing to the first t e rm on the right-hand side of Eq. (16) 
a re the following physical effects: (a) expansion of fuel, (b) NaK expulsion, 
(c) radial expansion of the jackets , (d) slug bowing, and (e) jacket bowing. 

a. Axial Expansion of the Fuel 

One immediate effect of a power increase is manifested 
by a volumetr ic expansion of the fuel mate r ia l . The density of fuel nuclei, 
i .e. , the number of fuel atoms per cubic centimeter of fuel mater ia l , de
c reases and reactivity is lost. Obviously, there are two associated com
ponents: one axial and the other radial , both of which act with essentially 
the same relaxation t ime. Insofar as reactivity changes a re concerned, 
the axial expansion effect is by far the larger since the physical change in 
core height reflects an integral expansion of the entire column of fuel. 
Since each fuel slug is completely uncoupled radially with respect to its 



n e a r e s t n e i g h b o r , fuel expans ion effects do not i n t e g r a t e a c r o s s t he d i a m 
e t e r of the c o r e . As a r e s u l t , the c o r r e s p o n d i n g change in the c o r e r a d i u s 
i s s m a l l . T h e r e i s , of c o u r s e , an i n t e g r a l m o v e m e n t i m p a r t e d to the s l ugs 
by the r a d i a l expans ion of the j a c k e t s . Such an effect is m o r e p r o p e r l y 
c o n s i d e r e d a s a c o n s e q u e n c e of j a c k e t e x p a n s i o n and is t r e a t e d as such below. 

b . NaK Expu l s ion 

Dur ing a power i n c r e a s e , NaK f r o m the h e a t t r a n s f e r bond 
i s p h y s i c a l l y d i s p l a c e d f rom the annu lus . Since the l i n e a r e x p a n s i o n c o 
efficient for the fuel i s l a r g e r than tha t for the j a c k e t s (12.5 v e r s u s 9.6 x 
10"^ A L / L / ° C ) , the vo lume of the annulus d e c r e a s e s . The effect i s f u r t h e r 
a c c e n t e d by a d i s p r o p o r t i o n a t e t e m p e r a t u r e i n c r e a s e in the fuel . As an a d 
d i t iona l f a c to r , the dens i ty of the NaK d e c r e a s e s . Al l such ef fec ts a r e 
n e g a t i v e and a l l a r e p r o m p t . E a c h a c t s a long a t i m e b a s e c o m p a r a b l e wi th 
tha t followed by the fuel. 

c. R a d i a l E x p a n s i o n of the J a c k e t s 

The effects of a power i n c r e a s e a r e m a n i f e s t e d a l m o s t 
i m m e d i a t e l y as an i n c r e a s e in the d i a m e t e r of t he Z i r c a l o y - 2 j a c k e t s . If 
p h y s i c a l con tac t be tween ind iv idua l fuel s lugs and the j a c k e t s be a s s u m e d , 
it fol lows tha t j a c k e t expans ion r e s u l t s in a ne t o u t w a r d m o v e m e n t of fuel. 
S ince the j a c k e t s a r e r a d i a l l y coupled t h r o u g h a s y s t e m of l ong i tud ina l 
r i b s , the r a d i a l m o v e m e n t of fuel at the p e r i p h e r y r e f l e c t s an i n t e g r a t i o n 
of expans ion effects a c r o s s the d i a m e t e r of the c o r e . C l e a r a n c e s y s t e m s , 
h o w e v e r , m u s t be conducive to an i n t e g r a l effect . If c l e a r a n c e s b e t w e e n 
r o d s and be tween r o d s and h e x e s do not e x i s t , a c o n s t r a i n i n g a c t i o n wi l l 
t end to l i m i t the ex ten t of expans ion . If, on the o t h e r hand , c l e a r a n c e s a r e 
so l a r g e tha t j a c k e t s expand independen t ly , the bene f i t s of a r a d i a l i n t e 
g r a t i o n a r e lo s t . As d i s c u s s e d in Sec t ion IV-G , the c l e a r a n c e s i t ua t i on is 
such tha t s t rong r a d i a l expans ion effects a r e l ike ly . 

The t i m e b a s e along which j a c k e t e x p a n s i o n p r o c e e d s is 
not s i m p l e . In the i m m e d i a t e v ic in i ty of t he c o r e , e x p a n s i o n ef fec ts wi l l be 
p r o m p t . At the top of the u p p e r b l anke t , h o w e v e r , j a c k e t e x p a n s i o n effects 
a r e c o n s i d e r a b l y de layed s ince a f inite a m o u n t of t i m e is r e q u i r e d for the 
p r o p a g a t i o n of the c o o l a n t - t e m p e r a t u r e s igna l i n i t i a t e d by a p o w e r i n c r e a s e . 
As d i s c u s s e d in Sect ion I V - B - 2 , the effect of u p p e r j a c k e t e x p a n s i o n is not 
s m a l l and c o n t r i b u t e s s ign i f ican t ly to t he d e l a y e d r a d i a l f e edback t e r m . 

d. Slug Bowing 

The i m p o s i t i o n of a s t r o n g r a d i a l t e m p e r a t u r e g r a d i e n t 
a c r o s s a given fuel slug is m a n i f e s t e d by a bowing a c t i o n wh ich t e n d s to 
m o v e fuel t o w a r d s a r eg ion of h i g h e r w o r t h , i . e . , t o w a r d s t he v e r t i c a l ax i s 
of s y m m e t r y . Such effects a r e , of c o u r s e , p o s i t i v e and p r o m p t . A d e t a i l e d 
d i s c u s s i o n of s lug-bowing effects i s g iven in Sec t ion I V - E . 
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e. Jacket Bowing 

The location of a fuel rod in a strong flux gradient may, 
under cer ta in c i rcumstances , lead to a limited amount of jacket bowing. 
Coolant channels on sides closer to the core will run hotter than those di
rectly opposite. As a consequence, the preferent ial expansion of the inner 
surface will be manifested in the form of a bow which tends to move the 
jacket (and fuel) into a region of higher worth. Although the system of 
tightening rods and r ibs is designed to prevent rod-bowing, the existence 
of small c learances between fuel rods can, under special conditions, pe r 
mit a l imited degree of bowing. In principle, the action of the tightening-
rod system should eliminate, or at least greatly reduce, clearances between 
fuel rods and between fuel rods and hexes. In pract ice clearances do exist. 
Since the rod system is tightened at room tempera ture , the effect of oper
ating at an elevated inlet t empera ture is one tending to loosen the core. 
Stainless steel s t ruc tura l components (hexes and support rings) expand at 
a ra te approximately twice that of the jackets . Such effects are discussed 
in detail in Section IV-G. 

While rod-bowing effects are possible, it is curious to note 
that the associated reactivity effect may be positive, negative, or even zero. 
As outlined previously,( l 1'12) a positive rod-bowing effect is a special con
sequence of radial r e s t ra in t at upper and lower contact points, conditions 
which a re not easily real ized. Whether rod-bowing effects are positive or 
negative in Mark IV depends on clearances between rods, between rods and 
hexes, and between rod tips and locating holes . Insofar as the present anal
ysis is concerned, the sign of the effect is pr imar i ly of academic interest 
since jacket-bowing reactivity effects, both prompt and delayed, are alge
braical ly superimposed on the respect ive radial expansion components. 

If jacket-bowing effects exist, it seems likely the asso
ciated t ime base will be described by a relatively prompt component for 
jacket ma te r i a l in the vicinity of the core and a somewhat delayed compo
nent for jacket ma te r i a l located at a distance downstream. 

2. Delayed T e r m 

The second t e r m on the right-hand side of Eq. (16) includes r e 
activity feedback effects resulting from the following physical p rocesses . 

a. NaK Expulsion 

While the expulsion of NaK from the heat t ransfer annulus 
is essential ly prompt, a somewhat longer t ime is required to change the 
NaK concentration throughout the core and upper blanket. The loss of NaK 
from these regions following a power increase has two origins: one, a de
c rease in density, and the other, an expulsion through the physical reduction 
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of a v a i l a b l e v o l u m e . In o the r w o r d s , j a c k e t s and s t r u c t u r a l c o m p o n e n t s 
expand to d i s p l a c e a vo lume p r e v i o u s l y o c c u p i e d by NaK. The t i m e b a s e 
a long which NaK expuls ion p r o c e e d s is c o m p l i c a t e d by the e x i s t e n c e of two 
c o m p o n e n t s : one c o r r e s p o n d i n g to the p r o m p t r a d i a l e x p a n s i o n of j a c k e t s , 
and the o the r c o r r e s p o n d i n g to the d e l a y e d e x p a n s i o n of m a t e r i a l s down
s t r e a m f rom the c o r e . The f i r s t of t h e s e is i n s e p a r a b l e f r o m the p r o m p t 
r a d i a l expans ion effect d i s c u s s e d in Sec t ion I V - B - 1 , and i t s e f fec ts a r e r e 
f lec ted in the f i r s t t e r m on the r i g h t - h a n d s ide of Eq . (16). S i m i l a r l y , 
d e l a y e d effects a r e inc luded a s an i n s e p a r a b l e c o m p o n e n t in the s e c o n d 
t e r m on the r i g h t - h a n d s ide of Eq . (16). 

b . R a d i a l E x p a n s i o n of the J a c k e t s 

C l e a r l y , the r e a c t i v i t y effects a s s o c i a t e d wi th the r a d i a l 
expans ion of j a c k e t s in the v ic in i ty of the u p p e r b l anke t a r e n e g a t i v e , and 
s ince a f inite t i m e is r e q u i r e d for a t e m p e r a t u r e s i g n a l o r i g i n a t i n g in t he 
c o r e to r e a c h t h i s r e g i o n , the effects a r e a l s o de l ayed . F u r t h e r m o r e , a s 
S t o r r e r ( 2 3 ) ^^g shown, the t i m e r e q u i r e d for t r a n s m i s s i o n of a t e m p e r a t u r e 
s igna l in the NaK coolant i s not the p h y s i c a l t r a n s i t t i m e b e t w e e n two po in t s . 
R a t h e r , the effective t r a n s p o r t t i m e is the p h y s i c a l t r a n s i t t i m e m u l t i p l i e d 
by the r a t i o of the to ta l hea t capac i ty of the s y s t e m (in the b l a n k e t r eg ion ) 
d iv ided by the hea t capac i ty of the coolan t . An eva lua t i on of t h i s r a t i o for 
the uppe r b lanke t r e g i o n gave a va lue of 10. The effect ive t r a n s p o r t t i m e 
be tween c o r e c e n t e r and the uppe r p o r t i o n of the b l anke t at fuel flow i s then 
the p h y s i c a l t r a n s i t t i m e , 0.28 s e c , m u l t i p l i e d by 10, or 2.8 s e c . 

c. J a c k e t Bowing 

F o r p r e c i s e l y the r e a s o n s ou t l ined in the i m m e d i a t e s e c 
t ion above , r e a c t i v i t y - f e e d b a c k effects r e s u l t i n g f r o m the bowing of j a c k e t s 
in the v ic in i ty of the upper b lanke t wi l l be de l ayed . S ince such effects act 
e s s e n t i a l l y along the t i m e b a s e for r a d i a l e x p a n s i o n , the two e f f ec t s , r a d i a l 
expans ion and bowing, add a l g e b r a i c a l l y . 

d. S t r u c t u r a l E x p a n s i o n 

Even tua l l y , the t e m p e r a t u r e of the h e x e s c o m e s to e q u i l i b 
r i u m with the t e m p e r a t u r e of the coolant fol lowing a p o w e r i n c r e a s e . If 
s m a l l c l e a r a n c e s be tween h e x e s ex i s t , the h e x e s wi l l t end to expand and to 
a l low fuel r o d s , he ld unde r an o u t w a r d d r i v i n g f o r c e , to m o v e o u t w a r d . Such 
effects a r e de l ayed and, of c o u r s e , n e g a t i v e . 

3. M a t h e m a t i c a l D e s c r i p t i o n of the P r o m p t T e r m 

E a c h of the r e a c t i v i t y effects i nc luded in t he f i r s t t e r m on the 
r i g h t - h a n d s ide of Eq. (16) is e i t h e r p r o m p t o r i nvo lves a p r o m p t componen t . 
To be s t r i c t l y c o r r e c t , each effect a long wi th i t s c h a r a c t e r i s t i c t i m e cons tan t 
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and feedback amplitude should be considered individually. The result would 
be an extremely unwieldly ser ies of feedback components, one not easily 
interpretable in t e rms of basic physical p rocesses . If this approach is 
taken, the first t e rm on the right-hand side of Eq. (16) alone would involve 
as many as five different feedback components and five different time con
stants . Any attempt to resolve each of these paramete rs from experimental 
feedback data (which are poorly defined in the high-frequency region) would 
be impossible. Fortunately, some of the five prompt effects a re relatively 
small , some pair off and tend to cancel algebraically, and others are char
acterized by essentially the same time constant. Hence, the prompt te rm 
of Eq. (16) may be reduced to the following: 

H - ^ ' - - - -"̂  - ^ 
1 + iCDTf (1 +iCDTf)(l + iCDTa) (1 + icUTf)( 1 + iCDTa)( 1 + iCOTj ) ' 

(17) 

and A- appearing in the numerators are 
the zero-frequency feedback amplitudes for fuel expansion, NaK expulsion, 
and jacket expansion, respectively. Dimensionally, each of the feedback 
amplitudes is defined by the following: 

Ai = PXi = P(Ak/k /AP) i , (18) 

where P is the reactor power and (Ak/k/AP)^ is the power coefficient of 
reactivity for the i* p rocess . In this and subsequent discussions, the r e 
actor power will be given in kilowatts, and the power coefficient will be 
given in inhours or reactivity units per kilowatt. By definition of the feed
back H [see Eq. (15)], the sign of Xi is negative when the power coefficient 
is positive. Conversely, its sign is positive when the power coefficient is 
negative. Whether the net prompt feedback effect is positive or negative 
depends on the magnitude and sign of each t e rm of Eq. (17). 

Since axial fuel expansion and slug bowing operate on a very 
s imilar t ime base , their effects are described by the first t e rm on the 
right-hand side of Eq. (17) where Aj is the algebraic sum of the respective 
components and T£ is the t ime constant for fuel-deformation effects. Spe
cifically, Tf is the t ime required, following a power perturbation, for the 
resultant reactivity change to reach 63.2% of its final value. 

Similarly, the prompt effects from jacket heating (radial ex
pansion and bowing) are described by the third t e rm on the right-hand side 
of Eq. (17) which includes a common time constant, T;, and a common feed
back reactivity, A;, which is the algebraic sum of the negative and positive 
components. The second t e rm descr ibes the expulsion of NaK from the an
nulus following a power change. In this case, a single negative component 
is involved. 
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4. M a t h e m a t i c a l R e d u c t i o n of the P r o m p t T e r m 

As a f i r s t s t ep in the s i m p l i f i c a t i o n p r o c e s s , the d e n o m i n a t o r s 
of the t e r m s in Eq . (17) m a y be expanded: 

Af 
H 

1 + iCDTf 1 . CD^TfTa + ia)(Tf+ Ta) 

1 + ia)(Tf+Ta+Tj) - CU^TfTj, - Cu2Tj(Tf + Ta) - iCD^TfT^T 
(19) 

A c c o r d i n g to Mohr , (24) who h a s e v a l u a t e d t i m e c o n s t a n t s of the 
fuel and c ladding of M a r k IV for t y p i c a l fu l l -power o p e r a t i n g c o n d i t i o n s , 
Tf i s of the o r d e r of 0.5 s e c , T^ < 0.1 s e c , and T- is of t he o r d e r of 0.1 s e c . 
A c c o r d i n g l y , it is p e r m i s s i b l e , as a f i r s t a p p r o x i m a t i o n , to d r o p a l l t e r m s 
conta in ing c r o s s p r o d u c t s which involve e i t h e r T^ o r T;. The a p p r o x i m a 
t ion is p a r t i c u l a r l y app l i cab le at low f r e q u e n c i e s for wh ich (a and ca a r e 
in s ign i f i can t ly s m a l l . Hence Eq . (19) b e c o m e s 

Af A Ai 
H = r—^- + 7 ^ - : + - ^ - . (20) 

1 + iCDTf 1 + iai(T-f^-Ta) 1 + icu(Tf+ Ta+Tj ) 

A final a s s u m p t i o n is m a d e tha t the t i m e d e p e n d e n c e of the f i r s t t e r m on 
the r i g h t - h a n d s ide of Eq . (16) m a y be a p p r o x i m a t e d by a s ing l e t i m e con
s tan t , Ti = Tf + Ta + Tj. E s s e n t i a l l y , then , Tj i s an effect ive t i m e cons t an t 
for a l l p r o m p t feedback p r o c e s s e s and is only s l igh t ly l a r g e r t h a n the t i m e 
cons t an t for fuel expans ion . A s d i s c u s s e d in Sec t ion IV, t he a s s u m p t i o n s 
n e c e s s a r y to r e d u c e Eq. (17) to a s ing le f eedback t e r m , a l though a c c e p t a b l y 
va l id at l ower f r e q u e n c i e s , c o m p r o m i s e s the qua l i ty of a s y n t h e t i c fit at 
the h i g h e r f r e q u e n c i e s . As a r e s u l t of the v a r i o u s s i m p l i f i c a t i o n s , t he f i r s t 
t e r m on the r i g h t - h a n d s ide of Eq. (16) m a y be w r i t t e n in t he f o r m 

H(p rompt ) = A o / ( l + ia^Ti), (21) 

w h e r e A^ is the a l g e b r a i c s u m of a l l p r o m p t r e a c t i v i t y - f e e d b a c k ef fec ts 
which ac t along a t i m e b a s e d i c t a t e d by the c o m m o n t i m e c o n s t a n t Tj . 

5. M a t h e m a t i c a l D e s c r i p t i o n of the D e l a y e d T e r m 

As d i s c u s s e d in Sec t ion I V - B - 2 , the d e l a y e d t e r m of Eq . ( l6) 
c o n s i d e r s de l ayed r e a c t i v i t y - f e e d b a c k effects f r o m NaK e x p u l s i o n , t he r a 
d ia l e x p a n s i o n and bowing of j a c k e t s , and the e x p a n s i o n of s t a i n l e s s s t e e l 
h e x e s . If s impl i fy ing a s s u m p t i o n s such a s t h o s e d i s c u s s e d in S e c t i o n I V - B - 4 
a r e m a d e , the effect ive feedback f r o m al l d e l a y e d effects i s g iven by 

H(delayed) = Bo / ( l + icuTi)( 1 + icDT^), (22) 
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w h e r e B Q i s t h e a l g e b r a i c s u m of a l l z e r o - f r e q u e n c y d e l a y e d f e e d b a c k 

e f f e c t s , a n d T^ i s a t i m e c o n s t a n t s h a r e d i n c o m m o n b y t h e v a r i o u s d e l a y e d 

c o m p o n e n t s , T h e t o t a l f e e d b a c k s e n s e d b y t h e s y s t e m i s s i m p l y t h e s u m 

of E q s . ( 2 1 ) a n d ( 2 2 ) ; h e n c e , 

H ( t o t a l ) = — ^ ^ L _ + . ^ . (23) 
1 + iCDTi ( 1 + iCDTi) ( 1 + itDT2) 

6 . T h e S i g n i f i c a n c e of t h e S i m p l i f i e d M o d e l 

I n e s s e n c e , E q . ( 2 3 ) i s t h e m a t h e m a t i c a l r e s u l t of l u m p i n g a l l 

p r o m p t a n d a l l d e l a y e d f e e d b a c k e f f e c t s i n t o t w o s e p a r a t e t e r m s , b o t h of 

w h i c h , w h e n p r o p e r l y e v a l u a t e d , l e a d t o i m p o r t a n t c o n c l u s i o n s r e g a r d i n g 

t h e s t a b i l i t y of t h e s y s t e m . A l t h o u g h b o t h t e r m s h a v e b e e n c o n s i d e r a b l y 

s i m p l i f i e d , i t i s s t i l l c l e a r f r o m E q . ( 2 3 ) t h a t a t l o w f r e q u e n c i e s t h e g a i n 

c o n s t a n t A Q i n E q . ( 2 1 ) g i v e s a n a c c e p t a b l y a c c u r a t e e s t i m a t e f o r p r o m p t 

f e e d b a c k e f f e c t s . A l t h o u g h n o t a s o b v i o u s , b u t t r u e w i t h i n t h e s a m e l i m i t a 

t i o n s , t h e m a g n i t u d e of t h e g a i n c o n s t a n t B,, r e f l e c t s t h e i m p o r t a n c e of 

d e l a y e d r a d i a l f e e d b a c k e f f e c t s . T h e p h a s i n g of t h e t w o t e r m s , r e l a t i v e t o 

t h e s i n u s o i d a l f o r c i n g f u n c t i o n a n d t o e a c h o t h e r , i s d i c t a t e d b y t h e t w o t i m e 

c o n s t a n t s T j a n d T j . A n e v a l u a t i o n of t h e s e i m p o r t a n t p a r a m e t e r s p e r m i t s 

c o n s i d e r a b l e i n s i g h t i n t o t h e v a r i o u s f e e d b a c k p r o c e s s e s w h i c h a f f e c t t h e 

o v e r a l l s t a b i l i t y of t h e s y s t e m . 

C . E v a l u a t i o n of An, Br., T , , a n d T , 

T h e m e t h o d u s e d t o e s t a b l i s h v a l u e s f o r A Q , B Q , T J , a n d T^ i s b a s e d 

o n a s u c c e s s i v e a p p r o x i m a t i o n of i n d i v i d u a l p a r a m e t e r s f o l l o w e d b y a " c u t 

a n d t r y " s h a p i n g of t h e b e s t - f i t v a l u e s . T h e r e a l a n d i m a g i n a r y c o m p o n e n t s 

of H a s g i v e n i n E q . ( 2 3 ) a r e 

rHi - ^° I B ° ( ^ - ^ V ^ ) . (24) 
^^R« " l+CD^T? ( I + U J M ) ( I + ' J ^ M ) ' 

n AoCUTi BOCD(TI + T 3 ) 

" ^ 1 + C D M ( l+C0^T^)( l -^CD2T|) 

T h e l o g i c a l s u p p o s i t i o n i s t h a t T^ >Ti. I t i s t h e n c l e a r f r o m E q . (25) t h a t 

f o r l o w f r e q u e n c i e s t h e i m a g i n a r y c o m p o n e n t of t h e p r o m p t t e r m i s s m a l l , 

w h i l e t h e r e a l c o m p o n e n t i s c l o s e t o i t s m a x i m u m v a l u e of A Q , I t i s a l s o 

c l e a r t h a t a t t e n u a t i o n e f f e c t s d i c t a t e d b y (X>'^T\ a r e s m a l l . A c c o r d i n g l y , a l l 

CD^T^ t e r m s m a y b e d r o p p e d f r o m E q s . (24) a n d ( 2 5 ) w i t h l i t t l e l o s s of 

s i g n i f i c a n c e ; 

. ^ B o ( l - a 3 V i T 2 ) 
{ H L = A O + — ; ( 2 6 ) 
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r 1 B o a ) ( T i + T 2 ) 
{H;^ = -AoO^Ti - ^ - ^ . (27) 

1 + CD Tj 

With four unknown p a r a m e t e r s , AQ, BQ, T J , and Tj , and two e q u a 
t i o n s , s o m e fu r the r s impl i f i ca t ion is n e c e s s a r y . Obv ious ly , as CD a p p r o a c h e s 
z e r o , the i m a g i n a r y componen t , a p p r o x i m a t e d by Eq. (27), v a n i s h e s and the 
r e a l componen t a p p r o a c h e s the s u m of Ag and Bg. F r o m a p lo t of the f eed
b a c k ampl i t ude as a function of f r equency , it i s p o s s i b l e to e s t a b l i s h a va lue 
for the s u m A^ + B,, by m e a n s of an e x t r a p o l a t i o n to z e r o f r e q u e n c y . It is 
a l s o p o s s i b l e , f rom a Bode(25) a n a l y s i s of the feedback , to e s t i m a t e a va lue 
for the longer t i m e cons tan t , T2. With the u s e of e x p e r i m e n t a l v a l u e s for 
the r e a l and i m a g i n a r y c o m p o n e n t s , and of e s t i m a t e d v a l u e s for T2 and the 
s u m Afi + BQ, E q s . (26) and (27) m a y be so lved s i m u l t a n e o u s l y at low f r e 
q u e n c i e s for Ti, T2, AQ, and BQ. Since E q s . (26) and (27) a r e q u a d r a t i c in 
T2, c a r e m u s t be t aken to d i s c a r d t r i v i a l s o l u t i o n s . Having e s t a b l i s h e d an 
e s t i m a t e for Tj, E q s . (24) and (25) can be so lved for b e t t e r v a l u e s of AQ 
and BQ, th i s t i m e with the CD T̂j t e r m s inc luded . R e p e t i t i o n of t h i s p r o 
c e d u r e for addi t iona l l ow- f r equency da ta p o i n t s , followed by a p a r a m e t r i c 
shaping with an IBM-1620 c o m p u t e r , l e a d s even tua l ly to a se t of v a l u e s for 
AQ, BQ, T I , and T2 which b e s t d e s c r i b e the feedback b e h a v i o r o v e r the en
t i r e f requency r a n g e . 

The r e s u l t s of p a r a m e t r i c fi t t ing for the v a r i o u s da ta s e t s a r e g iven 
in Tab le VII. C o m p a r i s o n s be tween e x p e r i m e n t a l and c a l c u l a t e d r e s u l t s a r e 
g iven g r a p h i c a l l y in F i g s . 10 th rough 14. F o r f r e q u e n c i e s up to about 
0.15 c y c l e / s e c , the a g r e e m e n t be tween e x p e r i m e n t a l and c a l c u l a t e d r e s u l t s 
i s f a i r , c o n s i d e r i n g the a p p r o x i m a t e me thod u s e d for eva lua t ing the v a r i o u s 
p a r a m e t e r s . At h ighe r f r e q u e n c i e s , the l e s s s a t i s f a c t o r y a g r e e m e n t i s m o s t 
l ikely the r e s u l t of a combina t ion of f a c t o r s , among t h e m the i n a c c u r a c i e s 
o r ig ina t ing f rom the feedback s e p a r a t i o n . (The p r o b l e m of s e p a r a t i n g a 
feedback function at high f r e q u e n c i e s i s e s s e n t i a l l y one of m e a s u r i n g a 
s m a l l d i f fe rence be tween two l a r g e n u m b e r s of c o m p a r a b l e m a g n i t u d e . The 
effects of e r r o r s i n t r i n s i c in e i the r o r both a r e ampl i f i ed when a d i f fe rence 
is t aken . ) 

Table VII 

SUMMARY OF BEST-FIT PARAMETRIC DATA 

Power, 
kW 

510 

878 

1193 

1120 

930 

Flow Rate, 
g p m 

265 

281 

286 

291 

294 

Inlet Temp, 
°C 

50 

51 

73 

. 173 

230 

A„, 
(Alc/k) X 10' 

0.00 

0.05 

O.IO 

0.00 

-0.10 

B„, 
(Ak/k) X 10^ 

0.515 

1.00 

1.55 

2.30 

2.10 

T J , 

sec 

0.40 

0.50 

0.50 

0.35 

0.40 

T2. 

s e c 

1.78 

1.37 

1.41 

2.15 

2.30 
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Ao=0 
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Fig. 10, Comparison of Experimental and Calculated 
Feedbacks for 510 kW, 265 gpm, and 50°C 
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o CALCULATED 

Ao = 0.05«IO-'Aklk 
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7i =0.5 SEC. 

7J=I.37 SEC. 

Fig. 11. Comparison of Experimental and Calculated 
Feedbacks for 878 kW, 281 gpm, and 51°C 
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Fig. 12. Comparison of Experimental and Calculated 
Feedbacks for 1193 kW, 286 gpm, and 73°C 
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Also contributing to the apparent discrepancy are the effects of 
simplifying the exact model by lumping, and the failure to establish more 
satisfactory empirical values for Ag, Bg, Ti, and Tj. With little doubt, 
additional effort would lead to a better agreement between experimentally-
measured and calculated feedback data points. The change in parametr ic 
values listed in Table VII, however, would be small and would in no way in
fluence general conclusions resulting from the study. 

D. Significance of Pa ramet r i c Values 

An inspection of the parametr ic data summarized in Table VII r e 
veals that values for the effective fuel time constant range from 0.35 to 
0 50 sec Each of these is in reasonable agreement with the value of 
0 50 sec calculated by Mohr(24) for EBR-I Mark-IV fuel at full power, full 
flow, and for a low (70°C) inlet tempera ture . The tendency for the mdividual 
values to be lower at higher temperatures reflects the increased specific 
conductivity of the fuel mater ia l . 

The values established for the time constant of the delayed term, 
although varying from 1.37 to 2.30 sec, are qualitatively consistent with the 
concept of a t ransport lag which, for simplicity, has been considered as a 
simple t ime constant in the denominator of Eqs. (22) and (23). 
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A f u r t h e r i n s p e c t i o n of the p a r a m e t r i c da t a g iven in T a b l e VII r e 
su l t s in the r a t h e r s u r p r i s i n g c o n c l u s i o n tha t in a l l c a s e s t he p o w e r coeff i 
c ien t for the r a d i a l (delayed) t e r m e x c e e d s by a v e r y wide m a r g i n t he 
p o w e r coeff ic ient for the r e s p e c t i v e a x i a l ( p rompt ) c o m p o n e n t . In fac t , for 
one da ta s e t , tha t at 930 kW, 294 gpm, and 230°C, t he p o w e r coeff ic ient for 
the a x i a l t e r m is p o s i t i v e . 

To a p p r e c i a t e the s ign i f i cance of t h e s e c o n c l u s i o n s , it i s i n s t r u c t i v e 
to c o n s i d e r the s p e c i a l s i t ua t ion in which the t e m p e r a t u r e of a l l c o m p o n e n t s 
in the c o r e and inne r b l anke t a r e i n c r e a s e d by the s a m e a m o u n t . The a s s o 
c ia ted r e a c t i v i t y change is g iven by 

w h e r e C is a cons t an t and AV/V is the f r a c t i o n a l change in c o r e v o l u m e 
r e s u l t i n g f r o m t h e r m a l e x p a n s i o n of the v a r i o u s c o m p o n e n t s . In c y l i n d r i c a l 
g e o m e t r y , the v o l u m e of the s y s t e m is g iven by 

V = TTr^h. (29) 

Taking p a r t i a l d e r i v a t i v e s 

= 27Trh; (30) 

7Tr'. 31 

The vo lume change a s s o c i a t e d wi th s o m e a r b i t r a r y i n c r e a s e of t e m p e r a 
t u r e m a y be a p p r o x i m a t e d by 

" = ( i r ) - * ( ! ? ) " • <3̂ ) 
h r -

Subs t i tu t ion of E q s . (30) and (31) into (32) g ive s 

AV = 27TrhAr + Tir^hAh. (33) 

F i n a l l y , d iv i s ion of Eq . (33) by Eq . (29) r e s u l t s in 

Ak „ / Ar , Ah \ 

where A r / r and Ah/h are the fractional changes in core radius and height, 
respectively. For the situation in which linear expansion coefficients a re 
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the same, both radially and axially, and for a uniform temperature change, 
it follows from Eq. (34) that radial expansion is twice as effective as axial 
expansion in changing reactivity. 

For Mark IV, the radial component of expansion is dictated by the 
linear expansion coefficient of Zircaloy-2 (9.6 x 10"' A L / L / ° C ) , whereas 
the axial component is dictated by the linear expansion coefficient of the 
fuel (12.5 X 10"'' A L / L / ° C ) . For a uniform tempera ture increase there 
will be a preferent ial axial expansion. Accordingly, an additional weight 
must be placed on the axial component. Fu r the rmore , for a power in
c rease , t empera ture changes in the fuel a re substantially larger than those 
occurring in the cladding. It follows that a given power increase will result 
in a disproport ionate increase in the axial dimension of the core. Again, an 
additional weight must be placed on the importance of the axial expansion 
component. The actual relat ive weights to be placed on the two components 
have not been established, but it is reasonable to assume that the two terms 
should, at the very least , be of comparable magnitude. It is surprising then 
to discover experimentally that the axial component is extrernely weak and 
under cer ta in conditions changes sign. 

E. Slug Bowing 

The most likely explanation of this discrepancy concerns the possi
bility of fuel slug bowing. Because of flux-bending across the core, the 
t empera tu re of the fuel slug surface facing the high-flux center will be 
higher than the t empera ture associated with the opposite surface. The in
ner surface tends to expand relat ive to the outer surface, with the result 
that the slug bows in the direction of the higher flux. Such an effect tends 
to move fuel towards the ver t ica l axis of symmetry and is , of course, 
posit ive. 

An additional positive component originates from the bowing of 
jackets . Since coolant t empera tu res a re higher in inner channels, a t em
pera tu re differential exists between inner and outer jacket surfaces. Such 
an effect is manifested by the bowing of jackets which again tends to move 
fuel towards the center of the core . Logically, the importance of jacket-
bowing effects depends on the freedom of fuel rods to move in a radial 
direction. As discussed in more detail below (Section IV-G) the degree of 
pe rmiss ib le radia l movement depends on a tempera ture-sens i t ive system 
of c lea rances . 

There i s , of course , a negative component from axial fuel expan
sion, but whether the net power coefficient is positive or negative depends 
on a 'var ie ty of factors , among them the power and coolant flow rate . The 
size and shape of the individual fuel slugs and the existence of spacer ribs 
along the jackets must also be taken into consideration. 
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F i g . 15. C r o s s Sect ion th rough 
Mark- IV F u e l Rod 

An i l l u s t r a t i o n of an i m p o r t a n t f e a t u r e , f undamen ta l to fu ture d i s 
c u s s i o n s , is g iven in F i g . 15. Shown in e x a g g e r a t e d f o r m a r e four l o n g i 

tud ina l r i b s r o l l e d into the s u r f a c e 
of fuel s lugs du r ing f a b r i c a t i o n . The 
r i b s w e r e i n c o r p o r a t e d p r i m a r i l y for 
the p u r p o s e of c e n t e r i n g the s l ugs 
c o n c e n t r i c a l l y in the j a c k e t s . Unde r 
i d e a l i z e d condi t ions the r a d i a l s e p a 
r a t i o n d i s t a n c e b e t w e e n r i b s and 
j a c k e t a m o u n t s to 5 m i l s . It fol lows 
tha t even s m a l l d i s t o r t i o n s can affect 
con tac t be tween r i b s and j a c k e t s . 

The concept of r a d i a l c l e a r 
ance is i l l u s t r a t e d in F i g . 16. F o r 
s i m p l i c i t y fuel slug r i b s have been 
o m i t t e d and the r a d i a l c l e a r a n c e s 
i l l u s t r a t e d a r e t hose ex i s t ing be tween 
r i b s and j a c k e t s . B lanke t s lugs a r e 

c o n c e n t r i c a l l y pos i t ioned by a s y s t e m of uppe r and lower " s t a k e s " f o r m e d 
dur ing f ab r i ca t ion o p e r a t i o n s . In F i g . 16 the r a d i a l s c a l e of d i m e n s i o n s 
h a s been g r e a t l y e x a g g e r a t e d for i l 
l u s t r a t i v e p u r p o s e s . At z e r o power 
(see F i g . 16a) each slug is shown in 
a pos i t ion s y m m e t r i c with r e s p e c t ZIRCALOY-S 
t 4-1. i - 1 • ^"™^T 

to the v e r t i c a l a x i s . 

As the power l eve l of the r e 
a c t o r i n c r e a s e s , fuel s lugs (and to a 
l e s s e r extent , b lanke t s lugs) begin 
to a s s u m e a bow- l ike conf igura t ion . 
F i g u r e 16b i l l u s t r a t e s the c a s e for 
an u n s a t u r a t e d d e g r e e of bowing, 
i . e . , one in which bowing is insuff i 
c ient to effect contac t be tween the 
a r c of the bow and the inner s u r f a c e 
of the j a c k e t . This s i tua t ion is m o r e 
o r l e s s t yp ica l of fuel s lugs loca ted 
e i t he r in a gent le flux g r a d i e n t at 
full power or in a s t rong g r a d i e n t 
at low p o w e r . Note tha t the d e g r e e 
of bowing for the u p p e r m o s t fuel slug 
is g r e a t e r than for i ts l o w e r m o s t 
c o u n t e r p a r t . A g r e a t e r d e g r e e of bowing for the u p p e r m o s t s lug i s the 
consequence of a h ighe r t e m p e r a t u r e d i f f e ren t i a l be tween coolan t channe l s 
at h ighe r e l e v a t i o n s . 

Addi t iona l i n c r e a s e s in power i n c r e a s e the d e g r e e of bowing to the 
extent that the a r c of the bow m a y even tua l ly con tac t the i n n e r s u r f a c e of 

F i g . 16. F u e l Slug Bowing 
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the jacket. Under these conditions, the bowing becomes saturated, i.e., 
additional increases in power effect li t t le, if a,ny, additipnal reactivity in
c r e a s e s . An i l lustrat ion of this effect ip given in Fig. I6c. Obviously, for 
any given rod, one or both central fuel slugs may be characterized by 
saturation while the remaining fuel slugs may still be unsaturated. 

The extent to which the prompt coefficient is affected by slug bow
ing is apparently governed by a competition between two major reactivity 
effects, both of which must be integrated over the entire volurne of the 
core. For the central region in which the flux gradient is small, the degree 
of saturation will be relatively small . The effects of power increases will 
be manifested pr imar i ly by axial expansion, and the associated power co
efficient component will most likely be negative. A limited amount of slug 
bowing will occur with the resul t that a portion of the negative axial expan
sion component ^vill be cancelled. 

For the region intermediate between the central hex and the edge 
of the core, and charac ter ized by a very definite flux gradient, a strong 
competition between slug bowing and axial expansion exists . Which effect 
predominates depends on the degree of saturation, which in turn depends 
on the power, coolant flow ra te , coolant inlet tempera ture , and the exact 
radial position of the fuel rod. Strong slug-bowing effects should be char
ac ter is t ic of this region. 

Finally, for fuel rods located along the periphery of the core, where 
the flux gradient is extremely steep, it seems likely that the degree of satu
ration will be high. Under these conditions, the axial expansion effect will 
predominate and the associated power coefficient component for this region 
will be negative. 

Clearly, the net effect integrated over the entire system is not easily 
susceptible to mathematical t reatment since the associated power coeffi
cient is dependent on the overall degree of saturation, which in turn is very 
likely a complicated statist ically regulated variable. 

F . Additional Slug-bowing Evidence 

The following i tems of experimental information are consistent with 
the concept of a strong slug-bowing power coefficient component. 

1. Power Coefficient Measurements 

Fundamental to this discussion is the concept that after a fuel 
slug bows to saturation, additional power increases effect little if any 
changes in geometr ic distortion. For these special conditions it seems 
likely that the reactivity change associated with a power increase will be 
negative, since axial expansion will still be possible, at least to a limited 
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ex ten t . If, h o w e v e r , the fo rce of bowing is suff ic ient to d e f o r m the j a c k e t s 
and a l low fuel to m o v e t o w a r d s the c e n t e r of high flux, the p o s i t i v e bowing 
componen t wi l l not n e c e s s a r i l y v a n i s h upon s a t u r a t i o n . In v iew of the s y s 
t e m of r i b s and t ightening r o d s i n c o r p o r a t e d into the d e s i g n of M a r k IV, 
the f r e e d o m of j a c k e t s to bend and to m o v e i n w a r d u n d e r the in f luence of 
s lug bowing is v e r y l ike ly l i m i t e d . Such e f fec t s , if e x i s t e n t , wi l l a l s o t end 
to s a t u r a t e af ter c l o s u r e of s m a l l c l e a r a n c e s be tween fuel r o d s . In s u b s e 
quent d i s c u s s i o n s , no a t t e m p t wi l l be m a d e to d i s t i n g u i s h b e t w e e n the two 
s a t u r a t i o n effects s ince both ac t in the s a m e d i r e c t i o n and along e s s e n t i a l l y 
the s a m e t i m e b a s e . 

If r e a s o n a b l e s k e p t i c i s m is e x e r c i s e d , use fu l i n f o r m a t i o n m a y 
r e s u l t f rom s t a t i c m e a s u r e m e n t s of the power coeff ic ient . In the u s u a l d e 
t e r m i n a t i o n of power coeff icient , a known amoun t of r e a c t i v i t y i s w i t h d r a w n . 
Since the s t e a d y - s t a t e power coeff icient in M a r k IV i s known to be n e g a t i v e , 
the power d e c r e a s e s and eventua l ly l eve l s off at a l ower a s y m p t o t i c l im i t . 
D iv i s ion of the r e a c t i v i t y w i t h d r a w n by the change in power y i e l d s d i r e c t l y 
the power coefficient of r e a c t i v i t y . Usua l ly , the to ta l r e a c t i v i t y w i t h d r a w n 
is p lo t ted as a function of power and the s lope of the b e s t - f i t s t r a i g h t l ine 
t h r o u g h the indiv idual da ta poin ts is i n t e r p r e t e d d i r e c t l y in t e r m s of the 
power coeff icient of r e a c t i v i t y . A l t e r n a t i v e l y , the t o t a l r e a c t i v i t y w i t h 
d r a w n m a y be divided by the t o t a l power change . Both m e t h o d s a m o u n t , 
e s s e n t i a l l y , to ave rag ing a co l l ec t ion of ind iv idual da ta p o i n t s . 

The r e s u l t s of t h r e e s e r i e s of power coeff ic ient m e a s u r e m e n t s 
a r e s u m m a r i z e d in Tab le VIII. In a l l c a s e s , the r e a c t i v i t y w i t h d r a w n or 
i n s e r t e d , as the c a s e m a y be , c o r r e s p o n d s to the full w o r t h (30.5 Ih) of a 

Table VIII 

POWER COEFFICIENT MEASUREMENTS FOR EBR-I, MARK IV 

Initial Power, 
kW 

1134 
978 
802 
478 
325 

195 
381 
485 
605 
713 
852 

1028 
866 
693 
536 

Final Po^^er, 
kW 

Decreasing 

978 
802 
478 
325 
207 

Increasing 

381 
485 
605 
713 
852 

1088 

Decreasing 

866 
693 
536 
341 

R e a 

Power 

Power 

Power, 

ctivity Ctiange, Power Change, 
Ih kW 

, Inlet Temperature of 66°C 

27.5 156 
23.6 176 
51.2 324 
29.3 153 
26,9 118 

, Inlet Temperature of 68°C 

32.6 186 
. 26.9 103 

23.5 120 
21.8 108 
30.2 139 
42.2 236 

Inlet Temperature of 200°C 

29.9 162 
27.0 173 
29.3 157 
36.5 195 

Ak/k/AP, 
Ih/kW 

0.176 
0.134 
0.158 
0.192 
0.228 

0.175 
0.261 
0.196 
0.202 
0.217 
0.179 

0.185 
0,156 
0.187 
0.187 
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sa fe ty o r c o n t r o l r od . The ef fec ts of d r i f t s in in l e t t e m p e r a t u r e which o c 
c u r d u r i n g the m e a s u r e m e n t s h a v e b e e n c o n s i d e r e d by apply ing a c o r r e c t i o n 
of 3.0 I h / ° C to t he r e a c t i v i t y c h a n g e . The f r e q u e n t n e c e s s i t y for such c o r 
r e c t i o n s i s r e f l e c t e d d i r e c t l y by the w ide ly d i f fe r ing v a l u e s a p p e a r i n g in 
c o l u m n 3 . D i v i s i o n of t h e r e a c t i v i t y c h a n g e , g iven in c o l u m n 3, by t he 
p o w e r d e c r e a s e (or i n c r e a s e ) g ive s t he po'wer coeff ic ient l i s t e d u n d e r co l 
u m n 5. V a l u e s a v e r a g e d o v e r a wide r a n g e of p o w e r , for d i f fe ren t in le t 
t e m p e r a t u r e s and for d i f f e ren t m o d e s of p o w e r c h a n g e s , a r e s u m m a r i z e d 
in T a b l e IX. 

T a b l e IX 

A V E R A G E P O W E R C O E F F I C I E N T V A L U E S 

M o d e of P o w e r In l e t A v e r a g e P o w e r A v e r a g e P o w e r 

P o w e r R a n g e , T e m p , Coeff ic ien t , Coeff ic ien t , 
C h a n g e kW °C I h / k W A k / k / k W x l O ^ 

D e c r e a s i n g 1134-478 66 0.156 1.64 
I n c r e a s i n g 3 8 1 - 1 0 8 8 68 0.205 2.16 
D e c r e a s i n g 1028-341 206 0.179 1.88 

Al though not i m m e d i a t e l y appa^rent, the da t a s u m m a r i z e d in 
T a b l e s VIII and IX a r e c o m p l e t e l y c o n s i s t e n t wi th the concep t of s lug bow
ing . To a p p r e c i a t e t h i s i m p o r t a n t c o n c l u s i o n . It is i n s t r u c t i v e to c o n s i d e r 
the s e q u e n t i a l m e c h a n i c a l e f fec ts r e s u l t i n g f r o m a con t inua l ( i n t e r r u p t e d ) 
p o w e r i n c r e a s e o v e r a w i d e r a n g e . Al though the fol lowing a r g u m e n t s apply 
p r i m a r i l y for fuel r o d s l o c a t e d in t he o u t e r r i n g of s i x h e x e s , they a l s o apply 
wi th l e s s e m p h a s i s for t h e fuel r o d s l o c a t e d wi th in the c e n t r a l s u b a s s e m b l y . 

A s t he r e a c t o r p o w e r i n c r e a s e s , i nd iv idua l s lugs beg in to bow. 
S ince t h e y a l s o expand l o n g i t u d i n a l l y , t he a x i a l power coeff ic ient i s the a l 
g e b r a i c s u m of t he i n d i v i d u a l e f f ec t s . At low power (0-400 kW) few if any 
of t he fuel s l u g s w i l l be bowed to s a t u r a t i o n , wi th the r e s u l t t ha t t he power 
coe f f i c i en t w i l l be w e a k . Whi le p e r h a p s f o r t u i t o u s , the da t a of T a b l e VIII 
i n d i c a t e t h a t o v e r t h e p o w e r r a n g e 195-381 kW, the m e a s u r e d p o w e r coeff i 
c i en t i s i n d e e d s m a l l e r t h a n t h a t for t he r a n g e f r o m 381 kW to e s s e n t i a l l y 
full p o w e r . 

B e c a u s e of m e c h a n i c a l i m p e r f e c t i o n s and l o c a t i o n wi th in the 
c o r e , a t e n d e n c y e x i s t s for e a c h fuel s lug to s a t u r a t e a t s o m e c h a r a c t e r 
i s t i c p o w e r . T h e p r o c e s s i s , of c o u r s e , s t a t i s t i c a l l y g r a d u a l : m o r e and 
m o r e s l u g s t e n d to s a t u r a t e a s t h e p o w e r i n c r e a s e s . If t he f o r c e s of a x i a l 
e x p a n s i o n a r e a s s u m e d to b e suf f ic ien t to o v e r c o m e con tac t f r i c t i o n a l ef
f e c t s ( f rom s a t u r a t e d s l u g s ) , t he c o l u m n of s l ugs a t full power wi l l be u n 
i n t e r r u p t e d , i . e . , g a p s b e t w e e n i n d i v i d u a l fuel s l u g s wi l l not e x i s t . U n d e r 
t h e s e c o n d i t i o n s , i n d i v i d u a l a x i a l e x p a n s i o n ef fec ts w i l l c o m b i n e t h r o u g h an 
e n d - t o - e n d c o n t a c t and w i l l r e s u l t in a m a x i m u m v a l u e for the p o w e r 
coe f f i c i en t . 
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If, however, the power coefficient is measured as the power 
dec reases , fuel slugs bowed to saturation will remain in position until the 
power drops below the saturation value. Under these conditions, gaps will 
exist between all saturated slugs and between the lowermost saturated slug 
and its lower neighbor. The full extent of contraction v/ill not be reached 
until the power level falls below the lowest saturation value. When this 
happens, the entire column above the last saturated slug falls. Logically, 
then, the power coefficient should be weak at high power and become very 
much stronger as the saturated slugs are re leased at low power. That 
such is indeed the case is apparent from an inspection of the data given in 
Table VIII for decreasing power at an inlet tempera ture of 66°C. F r o m 
1134 to 478 kW, the average pov/er coefficient amounts to 0.156 Ih/kW. 
F rom 478 to 207 kW, the average values increase to 0.207 Ih/kW. In con
t ras t , the power coefficient for the case of increasing power is v/eak at 
low power (0.175 Ih/kW from 195 to 381 kW) and very strong at high power 
(an average of 0.205 Ih/kW from 381 to 1088 kW). Such behavior strongly 
supports the validity of the slug-bowing concept. 

2. I r regular i t ies in the Power Coefficient 

Power coefficient measurements in Mark I I l ' l l ) (in which the 
fuel and cladding were coextruded) were usually character ized by r ep ro 
ducibility and by a high degree of l inearity. A plot of total reactivity with
drawn as a function of power was usually described as a se r ies of points 
lying on or close to a straight line. A similar plot of Mark-IV data, on the 
other hand, is characterized by a significantly greater degree of scatter in 
the data points. Evidence of this behavior is given by the information of 
Table VIII, Thus, for decreasing power (at inlet t empera ture of 66°C) dif
ferential values of the power coefficient range from a low of 0.131 to a high 
of 0.228 Ih/kW, a factor of almost two. Such differences suggest a discon
tinuous process , such as the sudden re lease of saturated slugs at some 
cri t ical value of power. Since power changes involved for a single data 
point amount to as much as 200 kW, the re lease of a large number of slugs 
is possible. 

F rom the evidence cited in Sections IV-B through IV-F , it seems 
clear that the negative power coefficient component from axial fuel expan
sion is almost completely cancelled by positive effects also originating in 
the fuel. In view of the evidence cited above, it seems reasonable to identify 
the positive effect with the inward bowing of fuel slugs during a power 
increase. 

G. Effect of Inlet Temperature on Feedback 

F rom an inspection of the data given in Fig. 9, it is clear that var ia 
tions in the inlet temperature cause strong changes in the amplitude of the 
feedback. Unfortunately, it is difficult to a s se s s the t rue magnitude of the 
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inlet tempera ture effect from the data of Fig. 9, since each data set was 
obtained under different conditions of power and flow. To obtain a more 
rea l is t ic estimate of the inlet temperature effect, it is instructive to nor
malize the data from two sets to that of a third. If as a first approximation 
it is assumed that the feedback var ies directly as the power and inversely 
as the flow ra te , the data sets for 1120 and 930 kW were normalized to the 
data set at 1193 kW. Neither assumption is seriously compromising since 
the differences in flow ra tes between sets are small, and the power coeffi
cients of reactivity in the region of interest are to a first approximation 
l inear. 

The resul t s of the normalization are given in Fig. 17. Of particular 
interest is the fact that increasing the inlet temperature from 73 to 175°C 
resul ts in an extremely large increase in the magnitude of the feedback. 
Yet, an additional increase to 230°C apparently has little effect. A credible 
interpretat ion of these effects is one based on a temperature-sensi t ive sys
tem of c learances . With the inlet temperature low, i.e., about 30°C, it is 
reasonable to assume that clearances between fuel rods, between fuel rods 
and hexes, and bet'ween hexes are at a minimum, since the core clamps and 
the expandable tightening rods were adjusted under these conditions. Ex
cept for mechanical imperfections in the rods, the core may be regarded 
as a tightly coupled system of individual rods. In principle, a r ib- to-
cladding contact exists uniformly throughout the system. If the power is 
increased without changing the inlet temperature , the jackets will tend to 
expand radially; but since the temperature of the structure rings and the 
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outer row of twelve blanket subassemblies remains at inlet t empera tu re , 
the full radial component of jacket expansion will not be realized. Under 
these conditions, the power coefficient will reflect a decrease proportional 
to the constraining effect. In pract ice, small radial c learances most likely 
exist, even under idealized tightened conditions, and the radial component 
•will certainly not be zero. 

If the temperature of the inlet coolant is ra ised to 73°C to conform 
with the data of Fig. 17, all stainless steel components including the hexes 
and structure rings will expand by an amount dictated by the expansion co
efficient of stainless steel (18.4 x 10"' A L / L / ° C ) . Jacket mate r ia l will also 
expand, but since the expansion coefficient of Zircaloy-2 (9. 6 x 10" A L / L / ° C ) 
is much smaller , the effect of an overall increase in tempera ture (at zero 
po'wer) "will be one which tends to open various clearance sys tems. In effect, 
the degree of radial coupling actually decreases as the tempera ture of the 
inlet coolant increases . Under these conditions more "room" is available 
to accept a colligative radial expansion, with the resul t that the radial power 
coefficient component is strong. If, however, the power is increased in
definitely, clearances will gradually close until the constraining influence 
of the outer hexes is again felt. At this point in power, the radial component 
of the power coefficient will decrease . 

An additional increase in inlet tempera ture , say from 73 to 175°C, 
will result in an additional increase in radial c learances . The resul ts will 
be reflected by an increase in the power coefficient. F r o m Fig. 17 it is 
clear that feedback data for 175°C are character ized by a power coefficient 
considerably larger than at 73°C. 

At some even higher inlet tempera ture , c learances between rods 
and between rods and hexes will be such that even at full power constrain
ing effects will not be felt, i.e., enough room will exist to accept the full 
unconstrained effects of radial expansion. For these special conditions, 
the radial component of the power coefficient will reach its maximum. 
From Fig. 17 it seems likely that the "saturation" inlet tempera ture lies 
between 175 and 230°C, since the increase between these values effects a 
relatively small , perhaps insignificant, increase in the magnitude of the 
feedback. 

The effect of inlet temperature on feedback behavior introduces the 
interesting possibility that further increases in inlet tempera ture may lead 
to a decrease in the radial power coefficient component. If, for example, 
the clearances between fuel rods and between fuel rods and hexes increase 
to the extent that the core becomes completely uncoupled, the radial effects 
of jacket expansion may no longer be a colligative property. Under such, 
by no means incredible, conditions, the power coefficient may actually de
crease to a value comparable in magnitude to that associated with the com
pletely coupled and perfectly constrained core. 
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H. Effect of Inlet Temperature on the Dynamic Power Coefficient 

The effects of inlet tempera ture on feedback, discussed in the p r e 
vious section, a re also i l lustrated through a consideration of the dynamic 
power coefficient. By definition, the dynamic power coefficient is the ex
trapolated zero-frequency feedback reactivity divided by the power in 
kilowatts. It follows that the effects of inlet tempera ture on feedback 
should also be directly reflected in this pa ramete r . Pert inent information 
is summarized in Table X, which gives the dynamic power coefficient, 
(Ak/k/kW)(jy, for the various data sets . 

Table X 

SUMMARY OF DYNAMIC POWER COEFFICIENTS 

Dynamic Power Coeff, 
(Ak/k/kW)dy X 10"' 

1.01 
1.20 
1.38 
2.05 
2.15 

^^^From Table VII. 

In going from 510 to 878 kW (at essentially the same inlet temper
ature) the dynamic power coefficient increases from 1.01 to 1.20 x 10 Ak/ 
k/kW. The inc rease in this instance is apparently the resul t of saturated 
slug bowing. Evidently, as discussed in Section IV-E, the power coefficient 
in the vicinity of 510 kW is character ized by a strong slug-bowing compo
nent which gradually weakens as saturation effects become more prevalent. 

Inc rease of the power level from 878 to 1193 kW is manifested by 
an increase in the dynamic power coefficient from 1.20 to 1.38 Ak/k/kW. 
Unfortunately, the power increase was accompanied by an increase in the 
inlet t empera tu re from 51 to 73°C. Most likely the increase in the dynamic 
power coefficient is at tr ibutable to the tempera ture-sens i t ive clearance ef
fects descr ibed above. 

The effects of increasing the c learances between components is 
c lear ly indicated by the data sets l isted in the sequence 73, 173, and 230 C. 
Despite an actual decrease in power, an increase in inlet tempera ture from 
73 to 173°C resu l t s in an increase from 1.38 to 2.05 Ak/k/kW. A further 
inc rease in inlet t empera ture from 173 to 230°C, accompanied by a drop in 

Power , 
kW 

510 
878 

1193 
1120 

930 

Inlet 
Temp, 

°C 

50 
51 
73 

173 
230 

Ao + Bo(^) 
X 10"^ Ak/k 

0.515 
1.05 
1.65 
2.30 
2.00 
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p o w e r , i n c r e a s e s the d y n a m i c power coeff ic ient f r o m 2.05 to 2.15 A k / k / k W . 
The fact t ha t the d y n a m i c p o w e r coeff ic ient i n c r e a s e s v^ith t e m p e r a t u r e 
even though the power a c t u a l l y d e c r e a s e s , s u g g e s t s t ha t s l u g - b o w i n g ef
f e c t s a r e e s s e n t i a l l y s a t u r a t e d at 930 kW. 

In p r i n c i p l e , v a l u e s of the d y n a m i c power coef f ic ien t shou ld a g r e e 
wi th v a l u e s e s t a b l i s h e d for the s t a t i c p o w e r coeff ic ient ( s ee Sec t ion I V - F ) . 
An a t t e m p t to c o m p a r e such v a l u e s was u n s u c c e s s f u l for the fol lowing r e a 
s o n s . In the f i r s t p l a c e , the s t a t i c power coeff ic ient in the r e g i o n of i n t e r e s t 
(full power ) w a s not e s t a b l i s h e d wi th a suff ic ient d e g r e e of a c c u r a c y . In the 
s econd p l a c e , it i s not obvious how slug hangup (upon s a t u r a t i o n ) af fec ts the 
d y n a m i c power coeff ic ient . 

It i s c l e a r , n e v e r t h e l e s s , tha t changes in the in l e t t e m p e r a t u r e effect 
s t r o n g changes in the feedback , and as a l l e v i d e n c e i n d i c a t e s , the effect a p 
p e a r s to be the c o n s e q u e n c e of a s y s t e m of t e m p e r a t u r e - s e n s i t i v e c l e a r a n c e s . 

I. S tabi l i ty C o n s i d e r a t i o n s 

F r o m an i n s p e c t i o n of the t r a n s f e r funct ion da ta , g iven in F i g s . 4 
t h r o u g h 8, it i s c l e a r t ha t the o v e r a l l fuU-pov/er k i n e t i c b e h a v i o r of the 
s y s t e m i s c h a r a c t e r i z e d by e x t r e m e s t ab i l i t y . At low f r e q u e n c i e s t he p h a s e 
and the a m p l i t u d e of the feedback a r e such tha t the r e a c t i v i t y input i s p a r 
t i a l l y c a n c e l l e d . At i n t e r m e d i a t e f r e q u e n c i e s , 0.1 to 0.3 c y c l e / s e c , the in 
put r e a c t i v i t y i s s u b j e c t e d to a s m a l l but s ign i f i can t r e i n f o r c e m e n t . The 
i m m e d i a t e c o n s e q u e n c e is a s m a l l " b u m p " in the a m p l i t u d e c u r v e and a 
peak ing of the a s s o c i a t e d p h a s e at l e s s n e g a t i v e v a l u e s . Such b e h a v i o r i s 
the d i r e c t r e s u l t of a feedback function which r e m a i n s suff ic ient ly l a r g e 
in the t h i r d ( lower l e f t -hand) q u a d r a n t to effect a p a r t i a l c a n c e l l a t i o n of 
i n v e r s e z e r o - p o w e r ga in v e c t o r s which of n e c e s s i t y l ie in t h e f i r s t (upper 
r i g h t - h a n d ) q u a d r a n t . i 

1. Nyqu i s t S tab i l i ty C r i t e r i o n 

Ano the r m e a s u r e of the s t ab i l i t y m a y be ob t a ined f r o m the a p 
p l i c a t i on of the Nyquis t s t ab i l i t y c r i t e r i o n . S ince the t r a n s f e r funct ion 
G(ia)) i s def ined by 

Go(iai) 
G(ico) = °-^-i . (35) 

1 + Go(ia:))H(itD) 

the a m p l i t u d e of the o v e r a l l t r a n s f e r funct ion a p p r o a c h e s infini ty a s the 
p r o d u c t Go(ii:u)H(im) a p p r o a c h e s o r e x c e e d s - 1 . U n d e r t h e s e s p e c i a l con 
d i t i o n s , the s y s t e m is u n s t a b l e . 

If it i s a s s u m e d tha t f eedback v a r i e s l i n e a r l y wi th p o w e r , 
Go(ia))H(ia3) m a y be e v a l u a t e d as a funct ion of f r e q u e n c y for i n c r e a s i n g 
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POWER 1120 Kw 

FLOW 291 GPM 

TEMPERATURE 175' 

l e v e l s of p o w e r . The r e s u l t i s a 
fami ly of c u r v e s which a p p r o a c h e s 
the (-1,0) point as power is i n c r e a s e d . 
An i l l u s t r a t i o n of the p r i n c i p l e i s 
g iven in F i g . 18. The feedback is in 
a l l c a s e s tha t e s t a b l i s h e d e x p e r i 
m e n t a l l y for 1120 kW, 291 gpm, and 
175°C. The i n t e r s e c t i o n of the v a r 
ious GQ(i(D)H(ia)) c u r v e s with the 
c o n s t a n t - f r e q u e n c y l i nes g ives the 
va lue of GQ(i(Ti)H(i(D) for a p a r t i c u l a r 
f r equency a t s o m e spec i f ic m u l t i p l e 
of 1120 kW (full p o w e r ) . F r o m 
F i g . 18 it i s obvious tha t the s y s t e m 
i s s t ab l e for a l l c r e d i b l e l e v e l s of 
p o w e r . A cont inuous i n c r e a s e in 
power beyond 10 Pg (ten t i m e s n o m i 
na l full power ) could conceivably 
b r i n g Go(icu)H(iiTi) into co inc idence 
wi th t he (-1,0) point . The power 
l e v e l n e c e s s a r y to effect co inc idence , 
h o w e v e r , would be an a b s u r d i t y , 

c o n s i d e r i n g l i m i t a t i o n s i m p o s e d by m e l t i n g po in t s and c a p a b i l i t i e s for hea t 
r e m o v a l . In a p r a c t i c a l s e n s e , t he s y s t e m could n e v e r be m a d e u n s t a b l e by 
a con t inuous p o w e r i n c r e a s e . 

Fig. 18. Nyquist Stability Criterion 

2. E x t r a p o l a t i o n of the 
T r a n s f e r F u n c t i o n 

E s s e n t i a l l y t he s a m e i n 
f o r m a t i o n , but in t r a n s f e r funct ion 
f o r m , is g iven in F i g . 19. The u p p e r 
f ami ly of c u r v e s def ines the a m p l i 
tude for v a r i o u s m u l t i p l e s of full 
p o w e r . It i s i n t e r e s t i n g to note tha t 
a s the p o w e r i n c r e a s e s , t he r e s o 
n a n c e p e a k i n c r e a s e s in m a g n i t u d e , 
s h a r p e n s in def in i t ion , and m o v e s in 
the d i r e c t i o n of h i g h e r f r e q u e n c i e s . 
E v e n a t 10 Pg the i n c r e a s e d a m p l i 
tude p o s e s no o p e r a t i o n a l p r o b l e m . 

The lov/er fami ly of c u r v e s 
g i v e s the p h a s e of the t r a n s f e r func
t i on a s a funct ion of f r e q u e n c i e s for 
v a r i o u s m u l t i p l e s of p o w e r . The 
m o s t s ign i f i can t f e a t u r e s a r e a 
s t r o n g t e n d e n c y for p h a s e v a l u e s to 
b e c o m e m o r e p o s i t i v e and a d e c i d e d 

100 -

<> 

FREQUENCY, CYCLES PER SECOND 

Fig. 19. Extrapolated Transfer Functions 
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shift in the phase peak towards higher frequency. Although not i l lustrated, 
each of the other data sets, when extrapolated, gives essentially the same 
information. 

3. The Effect of |3gff on Stability 

The effects of a low value of /3gff (0.00304 in contrast with 
0.00685 for a similar U^̂ ^ loading) on the kinetic behavior is i l lustrated in 
Figs. 20 and 21. The first of these i l lustrates the case for a feedback 

Fig. 20. The Effect of Third-quadrant Feedback on the 
Phase and Amplitude of the Transfer Function 

Fig. 21. The Effect of Fourth-quadrant Feedback on the 
Phase and Amplitude of the Transfer Function 
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which interferes constructively with the reactivity input, i .e. , the phasing 
IS such that feedback reinforces the input. Shown in vector form are the 
feedback H(ia)) and the inverse zero-power gains associated •with plutonium 
and uranium loadings. All three vectors have been evaluated at the same 
frequency. Since the inverse gain is simply 

l/G(ia3) = [l/Go(itD)] + H(iCD), (36) 

it follows that the fractional change in gain caused by a fixed feedback, i .e. , 
common to both loadings, is significantly greater for the plutonium loading. 
In one sense, the l/Go(iai) vector for P u " ' is more effectively cancelled by 
the feedback. 

A graphic i l lustrat ion of why phase leads were experienced in 
Mark IV and were missing in the Mark-I l l loading is also given in Fig. 20. 
Unless feedback vectors a re unusually long, part icularly at higher fre
quencies, it is difficult to shift the phase of l/G(iilD) for a uranium loading 
into the fourth quadrant (where the phase angle becomes a lead). For a 
plutonium loading, on the other hand, a shift into the fourth quadrant is not 
only possible , but likely at full power and at intermediate frequencies. The 
consequence of shor ter l/Go(iilD) vectors for plutonium is essentially this: 
for a feedback situation in which constructive interference is possible, a 
small value of jSgff tends to make the system less stable. 

The converse situation, in which the feedback reactivity cancels 
a portion of the input, is i l lustrated in Fig. 21. In both cases , the l/G(ia)) 
vectors a re longer than those defining l/Ggiica). F r o m an inspection of tlie 
vector d iagrams of Fig. 21, it is clear that the fractional change in 
l/G(ia3)(Pu"') exceeds that for l/G(iai)(U"^). In other words, a given feed
back which cancels a portion of the input reactivity resul ts in a propor
tionately g rea te r reduction in the gain of a plutonium-fueled system. For 
the conditions i l lus t ra ted in Fig. 21, i .e. , for a feedback located in the fourth 
quadrant, the effect of a small value of jSgff is one tending to make the sys
tem m o r e stable. 
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V. SUMMARY, CONCLUSIONS, AND I M P L I C A T I O N S 

The feedback funct ion s e p a r a t e d f r o m t r a n s f e r funct ion m e a s u r e 
m e n t s conduc ted with the p l u t o n i u m load ing in E B R - I can be d e s c r i b e d by 
a m a t h e m a t i c a l m o d e l c h a r a c t e r i z e d by two t e r m s : one , p r o m p t , s m a l l , 
and a s s o c i a t e d p r i m a r i l y wi th p o w e r c h a n g e s in the fuel; and the o t h e r , 
r e l a t i v e l y de layed , s t r o n g , and a s s o c i a t e d wi th e x p a n s i o n effects in the 
coo lan t , s t r u c t u r e , and u p p e r p o r t i o n of the b l anke t . Subs t i t u t i on of ex 
p e r i m e n t a l da ta into the m a t h e m a t i c a l m o d e l r e s u l t s in a s e t of t i m e con 
s t a n t s and p o w e r coef f ic ien t s which a d e q u a t e l y d e s c r i b e s the f e e d b a c k for 
a g iven s e t of o p e r a t i n g cond i t ions . In a l l c a s e s , v a l u e s for t i m e c o n s t a n t s 
a r e c o n s i s t e n t wi th v a l u e s e s t a b l i s h e d f r o m h e a t t r a n s f e r c o n s i d e r a t i o n s . 
In g e n e r a l , the va lue s e s t a b l i s h e d for the p o w e r coef f ic ien t of the d e l a y e d 
( p r i m a r i l y r a d i a l ) t e r m e x c e e d by l a r g e f a c t o r s the c o r r e s p o n d i n g va lue 
e s t a b l i s h e d for the p r o m p t f u e l - e x p a n s i o n t e r m . 

Since the p r o m p t t e r m should outweigh the d e l a y e d t e r m in i m p o r 
t a n c e , the e m p i r i c a l r e s u l t s a r e s o m e w h a t s u r p r i s i n g . The a n o m a l y h a s 
b e e n a t t r i b u t e d to s lug -bowing effects wh ich c a n c e l a l l or n e a r l y a l l of the 
u s u a l p r o m p t nega t i ve effects . F o r one p a r t i c u l a r s e t of o p e r a t i n g c o n d i 
t i o n s , the da ta i n d i c a t e a ne t p r o m p t p o s i t i v e p o w e r coef f ic ien t componen t . 
In th i s s p e c i a l i n s t a n c e , it s e e m s l i ke ly the p o s i t i v e c o m p o n e n t f r o m slug 
bowing w a s a u g m e n t e d by a l i m i t e d a m o u n t of j a c k e t bowing. 

Tha t s lug bowing is an i m p o r t a n t m e c h a n i s m i s a l s o i n d i c a t e d by 
the r e s u l t s of s t a t i c m e a s u r e m e n t s of p o w e r coeff ic ient . Al l such da ta a r e 
c o n s i s t e n t wi th a p h y s i c a l m e c h a n i s m b a s e d on the bowing and s a t u r a t i o n 
of ind iv idua l s lugs as the r e a c t o r p o w e r i n c r e a s e s . F o r d e c r e a s e s f r o m 
full p o w e r , s a t u r a t e d s lugs t end to r e m a i n in p o s i t i o n un t i l the pov^er d r o p s 
be low a s a t u r a t i o n va lue . At th i s poin t , such s l u g s , and any above t h e m , 
d r o p and effect a s t r o n g r e a c t i v i t y change . Such effects a r e s t a t i s t i c a l in 
n a t u r e and a r e a p p a r e n t l y s t r o n g e s t in the p o w e r r e g i o n 200 -400 kW, 

Inso fa r as the s t a b i l i t y and sa fe ty of the s y s t e m a r e c o n c e r n e d , the 
effects of s lug bowing a r e not p a r t i c u l a r l y i m p o r t a n t . In a l l c a s e s s tud ied , 
the o v e r a l l p o w e r coef f ic ien t w a s s t r o n g l y n e g a t i v e and a c t e d a long a t i m e 
b a s e which , whi le d e l a y e d on a r e l a t i v e b a s i s , w a s s t i l l su f f ic ien t ly p r o m p t 
to p r e v e n t s t r o n g r e i n f o r c e m e n t of input and f eedback r e a c t i v i t i e s . 

Whi le the p r o m p t p o w e r coef f ic ien t a c t u a l l y b e c o m e s p o s i t i v e for 
c e r t a i n o p e r a t i n g c o n d i t i o n s , t h e r e i s l i t t l e r e a s o n for c o n c e r n . The effect 
i s s m a l l , 0.11 x 10"*, in c o n t r a s t wi th 2.8 x 10"* A k / k / k W e s t i m a t e d for 
M a r k II, and e x e r t s l i t t l e or no in f luence on the r o u t i n e o p e r a t i o n of the 
s y s t e m . 

Al though the s y s t e m w a s not o p e r a t e d u n d e r r e d u c e d - f l o w c o n d i 
t i o n s , it s e e m s c l e a r f r o m the m a t h e m a t i c a l m o d e l t h a t two effects would 
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be felt if the system were operated at full power and reduced flow: the 
prompt t e rm would become more positive (more slug and jacket bowing) 
and the delayed t e rm would become more strongly delayed in time. The 
net resul t would be a strong tendency for both the phase and amplitude of 
the feedback to increase in the important third quadrant. Experimentally, 
such effects would be noted by a substantial increase in the amplitude of 
the t ransfer function and a decided shift in the associated phase toward 
higher leads. It is unfortunate that reduced-flow experiments could not 
be ca r r i ed out, but in view of s t r ic t limitations imposed on maximum fuel 
t empera tu res , this was not possible. 

Accepting the unreal is t ic assumption of power coefficient l inearity 
over a "wide range of po-wer, the application of the Nyquist stability cr i ter ion 
to full-flow, full-power data leads to the conclusion that the system could 
never be forced to instability through continuous power increases at full 
flow. Since the instability point lies well above 10 t imes nominal full 
power, the l imitations of melting points and heat removal become of more 
immediate significance. For reduced-flow operation, the hypothetical 
instabili ty power would be much lower. Crude est imates , based on full-
flow data, however, indicate that the instability power would still lie con
siderably above nominal design specifications. 

A strong dependence of feedback on the temperature of the inlet 
coolant was noted, with the sense of the dependence such that increases in 
the inlet t empera tu re increased the magnitude of the feedback. The effect 
may be explained in t e r m s of t empera ture -sens i t ive systems of clearances 
which exist between fuel rods, between fuel rods and hexes, and between 
hexes. At low inlet t empera tu res , the fuel rods are rigidly coupled and 
c learances a re small . With the outer ring of hexes and s t ructure rings 
maintained at inlet coolant t empera ture , power increases a re manifested 
by radial jacket expansion which tends to close remaining clearances. 
Under these conditions, jacket expansion is constrained by the outer ring 
of hexes and the full radial power coefficient is not realized. 

Inc reases in the inlet t empera ture lead to a preferential expansion 
of the' constraining m e m b e r s with a result ing increase in all c learance 
sys tems . (The l inear expansion coefficient of s tainless steel is approxi
mately twice that for Zircaloy-2). With an increase in c learances , more 
"room" is available in the hexes for radial expansion and the power coef
ficient i nc reases . It is interest ing to note that the only case in which a 
prompt positive power coefficient was detected was one character ized by 
the highest inlet t empera tu re reached, i .e. , 230°C, Although not definitive, 
the evidence suggests that c learances were sufficiently opened to permi t a 
l imited amount of jacket bowing which, in turn, reinforced the slug-bowing 
effect. 
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A s tudy of the f eedback da ta as a funct ion of i n l e t t e m p e r a t u r e 
r e s u l t s in the c o n c l u s i o n tha t add i t i ona l i n c r e a s e s in i n l e t t e m p e r a t u r e 
beyond s o m e u n s p e c i f i e d v a l u e , effect l i t t l e o r no i n c r e a s e in t he m a g n i 
tude of the r e a c t i v i t y effect. A p p a r e n t l y , at s o m e p a r t i c u l a r t e m p e r a t u r e 
c l e a r a n c e s have b e e n opened to the ex ten t t ha t the e n t i r e r a d i a l e x p a n s i o n 
of the j a c k e t s can be a c c o m m o d a t e d wi thou t c o n s t r a i n t . The ef fec ts of 
add i t i ona l i n c r e a s e s in in l e t t e m p e r a t u r e on f eedback a r e m a n i f e s t e d by 
an i n c r e a s e in the r o d - b o w i n g c o m p o n e n t , wh ich a p p a r e n t l y c a n c e l s any 
add i t i ona l i n c r e a s e in t he n e g a t i v e r a d i a l - e x p a n s i o n effect. 

The effects of o p e r a t i n g a s y s t e m fueled "with p l u t o n i u m a r e m a n i 
f e s t ed p r i m a r i l y a s an i n c r e a s e d s e n s i t i v i t y t o w a r d s r e a c t i v i t y p e r t u r b a 
t i o n s . F o r a f eedback which r e i n f o r c e s the input , the n e u t r o n k i n e t i c s a r e 
such t h a t the s y s t e m tends to be l e s s s t a b l e ( r e l a t i v e to the c a s e for U^^^ 
fuel). On the o t h e r hand , for a f eedback which c a n c e l s a p o r t i o n of the 
input , the s y s t e m wi l l t end to be m o r e s t a b l e . As a c o n s e q u e n c e , if s l ug -
bowing and r o d - b o w i n g effects could be e l i m i n a t e d , it s e e m s l i k e l y the 
k i n e t i c b e h a v i o r of a p l u t o n i u m - f u e l e d s y s t e m would be m o r e s t a b l e than 
tha t of i t s U^^^-fueled c o u n t e r p a r t . 

The fact t ha t s l ug -bowing effects can effect an i m p o r t a n t r e d u c t i o n 
in the p r o m p t n e g a t i v e fuel coef f ic ien t h a s s e v e r a l i n t e r e s t i n g and p e r h a p s 
i m p o r t a n t i m p l i c a t i o n s . As the t r e n d t o w a r d l a r g e r , m o r e d i lu te c o r e s 
c o n t i n u e s , an i n c r e a s i n g e m p h a s i s wi l l be p l a c e d on p r o m p t n e g a t i v e power 
coef f ic ien t c o m p o n e n t s wh ich ac t to r e d u c e r e a c t i v i t y in the event of an 
i n a d v e r t e n t p r o m p t c r i t i c a l i n s e r t i o n . If, h o w e v e r , s l u g - b o w i n g and j a c k e t -
bowing effects a r e suf f ic ient ly l a r g e , t hey m a y g r e a t l y r e d u c e o r even o v e r 
r i d e p r o m p t nega t i ve effects a s s o c i a t e d wi th D o p p l e r b r o a d e n i n g and axia l 
fuel expans ion . F o r t h e s e s p e c i a l , but not i m p r o b a b l e , c o n d i t i o n s , the 
s y s t e m would be left wi th l i t t l e or no i n h e r e n t shu tdown capab i l i t y . 

A n o t h e r i m p o r t a n t i m p l i c a t i o n c o n c e r n s spec i f i c e x p e r i m e n t s a i m e d 
at an eva lua t i on of the Dopp le r effect in d i lu te F A R E T l o a d i n g s , (13) in one 
of t h e s e , it i s p l a n n e d to i n c r e a s e p o w e r and flow in such a m a n n e r tha t 
coo lan t , c l add ing , and s t r u c t u r a l t e m p e r a t u r e s r e m a i n unchanged . The 
change in c o n t r o l r od p o s i t i o n m a y then be u s e d as a m e a s u r e of the r e a c 
t iv i ty l o s t a s the r e s u l t of the p o w e r i n c r e a s e . The a s s u m p t i o n h a s b e e n 
tha t the r e a c t i v i t y l o s s would be the r e s u l t of D o p p l e r b r o a d e n i n g and axia l 
fuel expans ion . The D o p p l e r effect would t h e n be s e p a r a t e d by a s i m p l e 
s u b t r a c t i o n of a c a l c u l a t e d va lue for fuel e x p a n s i o n f r o m the m e a s u r e d r e 
ac t i v i t y effect. The effects of a f a i l u r e to c o n s i d e r s lug bowing would be 
r e f l e c t e d by an e r r o r in the va lue e s t a b l i s h e d for the D o p p l e r coeff ic ient . 
C l e a r l y , add i t i ona l th ink ing i s n e c e s s a r y . 

S ince the fuel in E B R - U a l s o c o n s i s t s of s o d i u m - b o n d e d s l u g s , i t i s 
p o s s i b l e tha t bowing m a y a l s o effect the k i n e t i c r e s p o n s e of t h i s s y s t e m to 
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a measurab le degree. Although it is highly unlikely that such effects will 
introduce operational problems, it is reassur ing, in some respects , to be 
aware of this interest ing possibility. 

As a final implication, the fact that power coefficients in small, 
h igh-power-densi ty systems depend strongly on clearances, bowing effects, 
and differential s t ructural expansion should be of in teres t to the designers 
of space-or iented systems. Failure to anticipate strong nonlinearities in 
the power coefficient and reversa l s of sign could resul t in poorly designed 
and perhaps inadequate systems of control, 
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